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 Manganese-dependent enzymes that react with dioxygen and its reduced derivatives are 
ubiquitous in nature, catalyzing pivotal processes such as the light-driven oxidation of water to 
dioxygen, generation of peroxidized fatty acids, and detoxification of reactive oxygen species 
such as superoxide and peroxide. Peroxo-, hydroxo-, and oxo-manganese intermediates are often 
invoked in the mechanisms of a majority of these enzymes. However, detailed understanding of 
the mechanisms involving Mn-containing enzymes is lacking, warranting further investigations 
in this area of study. Due to numerous restrictions involved with carrying out such mechanistic 
studies using the actual proteins of interest, utilization of synthetic bio-inspired model complexes 
has been a frequent practice. To this end, a series of peroxomanganese(III) complexes with 
varied steric and electronic properties have been synthesized, and characterized by low-
temperature electronic absorption and magnetic circular dichroism (MCD) spectroscopies, as 
well as complementary density functional theory (DFT) and time-dependent DFT computations. 
This work resulted in the first report where steric properties of the supporting ligand were shown 
to play a predominant role in modulating the Mn-peroxo interactions in η
2
-peroxomanganese(III) 
intermediates. This study provided intriguing insight into the significance of steric factors of 
enzymatic active sites in fine-tuning their reactivity properties. 
 Since a majority of peroxomanganese(III) model complexes display impaired thermal 
stabilities under ambient conditions, designing ligands that minimize their decay pathways is of 
great interest. This has motivated the design, synthesis, and characterization of such an 




BQ = 1,4-di(quinolin-8-yl)-1,4-diazepane), and 
the characterization of its Mn
II
 complex by X-ray diffraction techniques. The corresponding 





adduct exhibits interesting reaction patterns with strong acids and acyl chlorides. Activation of 
non-prophyrinoid peroxomanganese(III) complexes to generate high-valent oxidants is extremely 
rare, which makes the reactivity of this new Mn
III
-O2 adduct highly intriguing.  
 Apart from biological significance, dioxygen activation by Mn
II
 centers is of great 
importance both in environmentally benign synthetic approaches, as well as alternative energy 
applications such as fuel cells. Several such Mn
II
 complexes have been synthesized, and 
characterized by X-ray diffraction and other techniques. Mechanistic understanding of Mn
II
-
mediated dioxygen activation is still in its infancy, although such systems have been successfully 
utilized in a number of O2-dependent oxidation reactions in generating synthetically desirable 
organic substrates. We have carried out mechanistic studies of dioxygen activation using 
electronic absorption, electronic paramagnetic resonance (EPR), and X-ray absorption 
spectroscopies, in conjugation with mass spectrometric and kinetic analysis. Based on the current 
evidence, a mechanistic proposal is presented, describing the O2 activation reactivity of these 
new Mn
II
 systems.  
 Intriguingly, the O2 activation reactions of these new Mn
II
 complexes yield a single metal 
product in excellent yields (>98%), which has been structurally-characterized as the 
corresponding Mn
III
-OH complex. Monomeric hydroxomanganese(III) complexes are relatively 
rare, and those that can mediate substrate oxidation reactions are even more scarce. In biology, 
hydroxomanganese(III) adducts are known to mediate crucial proton-coupled electron transfer 
(PCET) processes, especially during the peroxidation of fatty acids by non-heme Mn-containing 
enzyme lipoxygenase, and the water oxidation pathway of the oxygen evolving center in 
photosystem II. In light of these biological examples, we have carried out a thorough kinetic 









(OH)(dpaq)](OTf), with a series of substituted phenols with variable bond dissociation free 
energies (BDFEs up to 79 kcal/mol in MeCN), and the weak OH bond substrate TEMPOH 
(BDFE = 66 kcal/mol in MeCN). [Mn
III
(OH)(dpaq)](OTf) is the first example of a Mn
III
-OH 
adduct that has exhibited saturation kinetics during its PCET reactivity. This kinetic profile 
implies the presence of an accumulating intermediate during the phenol oxidation reactions. Our 
data suggest that this intermediate is a H-bonded precursor complex that forms between the 
oxidant and the substrate prior to the rate-limiting transfer of the hydrogen atom. Stepwise 
electron and proton transfer processes have been discounted based on our Polanyi analysis of the 





(OMe)(dpaq)](OTf), reacts with the same series of phenolic 





(OMe)(dpaq)](OTf) is the only example of a Mn
III






(OMe)(dpaq)](OTf) were found to oxidize 
TEMPOH to produce TEMPO and the corresponding Mn
II
 species as observed by electronic 
absorption and EPR spectroscopies. Eyring analysis of these reactions has provided insight into 
the activation parameters dictating these reactions. Furthermore, catalytic dioxygen reduction by 
[Mn
III
(OH)(dpaq)](OTf) was also demonstrated, which revealed a turnover number of 1050, with 
the presence of TEMPOH as the H-atom donor substrate. Extending similar reactivity to other 
substrates may provide significantly greener, inexpensive oxidation protocols for the dioxygen-
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BDE  bond-dissociation enthalpy 
BDFE  bond-dissociation free energy 
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MLCT  metal-to-ligand charge-transfer 





Mn-RNR         manganese ribonucleotide reductases 
Mn-SOD         manganese superoxide dismutase  
NMR  nuclear magnetic resonance 
NSLS  National Synchrotron Light Source 
OAT  oxygen atom transfer 
OEC                oxygen evolving complex 
PCET  proton-coupled electron transfer 
PhIO  iodosobenzene 
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TD-DFT time-dependent density functional theory 
TEMPOH 2,2′-6,6′-tetramethylpiperidine-1-ol 
UV  ultraviolet 
VTVH  variable temperature, variable field 
XANES X-ray absorption near-edge structure 
XAS  X-ray absorption spectroscopy 
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Manganese-dependent catalysts that react with dioxygen and all its reduced derivatives 
(superoxide, peroxide and oxide) contribute numerous biologically and industrially pivotal 
processes.
1-17
 Detoxification of reactive oxygen species, such as superoxide or hydrogen 
peroxide,
1-3
 biosynthesis of deoxyribonucleotides,
18
 peroxidation of fatty acids,
5-8
 and water 
oxidation to dioxygen within biological systems,
19-21
 as well as industrially relevant olefin 
epoxidation,
15
 and alcohol oxidation
13,14,22
 processes, are several of such examples. Although 
detailed mechanistic insights into most of the biological processes are currently lacking, small 
molecule mimics of these systems have long been used to model their chemistries.
19,23,24
 In most 
instances, manganese centers act as redox-active catalysts, as they shuttle between multiple 
oxidation states within the catalytic process, and facilitate electron and/or atom (or group) 
transfer steps.
25-28
 Irrespective of the structure of the active site, or the catalytic conversion, the 




1.1.1. Peroxomanganese(III) Intermediates in Biology. For most manganese 
enzymes, peroxo level intermediates are inferred on the basis of their reactivity and/or as 
supported by spectroscopic and computational evidence. To this end, for manganese superoxide 
dismutase (Mn-SOD), and manganese homoprotocatechuate 2,3-dioxygenase (Mn-HPCD), 
strong spectroscopic evidence suggest the presence of peroxomanganese(III) intermediates 
within their mechanisms of action. The active site of Mn-SOD contains a manganese center 
within a trigonal bipyramidal geometry, coordinated to three histidines, an aspartate, and a 
solvent ligand (Figure 1.1).
24




 as it 




 The reduction of superoxide to peroxide can 
3 
 
take place via two pathways involving Mn-SOD: prompt protonation and inner sphere pathways. 
Prompt protonation pathway generates H2O2 by manganese-catalyzed superoxide reduction and 
protonation potentially by an outer sphere pathway. The latter pathway involves a product-
inhibited complex, which is presumed to involve a peroxomanganese(III) adduct resulting from 
superoxide binding to the manganese center.
32
 The actual structure of this product-inhibited 
intermediate is not known to-date.
9
 However in a different study, crystals of E.coli Mn-SOD 
formed a side-on bound peroxomanganese(III) intermediate when soaked with peroxide at low 
temperatures. This adduct was characterized by X-ray diffraction techniques with 1.55 Å 
resolution.
33
 The structure revealed MnO distances that ranged from 2.09 to 2.58 Å, which is 
exceptionally longer than those of other peroxomanganese(III) complexes (1.83 to 1.91 Å). The 
peroxo ligand occupied an axial position, typically occupied by a solvent molecule. Irrespective 
of whether this species corresponds to the product-inhibited species formed in Mn-SOD, this 
provides the only structurally characterized peroxomanganese(III) intermediate within an 
enzyme active site.  
 
 
Figure 1.1. Left: Active site of Mn-HPCD with the substrate and one water ligand bound to the 




Mn-HPCD consists of a manganese active site with a pseudo-octahedral geometry, 
ligated by two histidines, one glutamate and three water molecules in its primary coordination 
sphere (Figure 1.1).
34
 This coordination environment is commonly observed for a number of 
dioxygen activating non-heme iron enzymes in biology.
34
 Rapid-freeze-quench EPR analysis of 
Mn-HPCD from Brevibacterium fuscum reported by Que, Lipscomb, and Hendrich and 
coworkers provided evidence of two distinct intermediates as Mn-HPCD-HPCA complex was 
exposed to O2 saturated buffer at pH = 7.4.
11
 The first intermediate (I1) maximized to 5% of total 
Mn at 15 ms, and, based on the EPR data, was best described as comprising a high-spin Mn
III
 
center ferromagnetically coupled to an axially coordinated superoxo ligand. The second 
intermediate (I2), which maximized at 75% of total Mn at 34 ms, was formulated as a Mn
II
-
alkylperoxo species that decays to produce the dioxygenated substrate.    
1.1.2 Hydroxomanganese(III) Species in Biology. Hydroxomanganese(III) adducts 
have been characterized or proposed as key intermediates in a small, yet diverse set of 
manganese-containing enzymes.
1,3,5-8,19
 Mn-SOD is known to feature a Mn
III
-OH unit in its 
oxidized resting state, where the hydroxo ligand plays the crucial role of redox tuning of the Mn 
center.
35-37
 This form of the enzyme undergoes a proton-coupled electron transfer (PCET) 
reaction to generate the reduced Mn
II
-OH2 adduct, which then binds to superoxide.  
The non-heme iron-dependent enzyme lipoxygenase (LO), which is present in plants and 
mammals is known to catalyze the regio- and stereospecific dioxygenation of cis,cis-1,4-
pentadiene-containing fatty acids to alkyl hydroperoxides using dioxygen.
38-42
 These oxidized 
fatty acids provide starting compounds for the biosynthesis of jasmonic acid ((1R,2R)-3-oxo-2-
(2Z)-2-pentenyl-cyclopentaneacetic acid) and traumatic acid (dodec-2-enedioic acid), which are 
vital for growth-regulation and wound-healing, respectively.
43
 Human LO activity has been 
5 
 
implicated in certain cancers and inflammatory conditions.
43
 The resting state of the plant LOs 
has been characterized by X-ray diffraction methods to contain an Fe
II
 center ligated to three 
histidines, one asparagine, and one isoleucine residue, where a solvent molecule completes the 
pseudo-octahedral geometry around the metal center (Figure 1.2).
38,39
 Mammalian LOs contain a 
similar active site, where the asparagine residue has been replaced by a fourth histidine 
residue.
40-42
 Unlike most non-heme Fe enzymes, the ferrous form of LO is inactive, and the 
active form contains a ferric center. Spectroscopic analysis of this active form by Extended X-
ray Absorption Fine Structure (EXAFS) has revealed a ferric center with the same amino acid 
ligation, as the crystallographically-characterized ferrous form, with the coordinated solvent 





Figure 1.2. Schematic diagram of the non-heme Fe active site of rabbit 15-lipoxygenase. 
 
 
Recently, Oliw and coworkers discovered a Mn-dependent LO (Mn-LO) enzyme secreted 
by the pathogenic fungus Gaeumannomyces graminis.
5-8
 Gene sequence analysis of Mn-LO has 
revealed its homology to plant Fe-LOs; thus, the primary coordination sphere of Mn-LO likely 
resembles that of plant Fe-LOs.
45
 Mn-LO peroxidizes linoleic acid with a temperature-dependent 
hydrogen/ deuterium kinetic isotope effect (H/D KIE) of  21,
6
 which is in contrast to the larger, 
temperature-independent H/D KIE of Fe-LOs ( 56).
46,47
 The basis for these differences is 
6 
 
currently unknown. It is also unclear if Mn-LO is exclusive to fungal species, with higher forms 
of life only containing Fe-LOs.  
In the mechanism of LO-mediated oxidation reactions, a PCET from the fatty acid 
substrate to the M
III
-OH (M = Fe or Mn) unit of the catalyst has been proposed to initiate the 
catalytic cycle (Figure 1.3).
48
 This generates a substrate based radical, which resonates to 
produce a more stable radical-based intermediate. This intermediate then binds to dioxygen, 
producing a substrate-bound superoxo radical. The superoxo radical abstracts a hydrogen atom 
from the metal-bound water molecule to give rise to the peroxidized fatty acid product, as well as 
the active M
III
-OH form of the enzyme. This mechanism is unique as dioxygen is reduced by the 
activated substrate, but not by the catalytic metal center, as observed for numerous other metal 





Figure 1.3. Proposed catalytic cycle for fatty acid peroxidation by lipoxygenase enzymes.  
7 
 
Another biological example where intermediates with MnOH  adducts are proposed is 
the water oxidation process catalyzed by the oxygen evolving complex (OEC) of photosystem II 
(PSII) in cyanobacteria, algae, and green plants.
19-21,27-30,50
 This catalytic process has drawn 
significant attention due to its vitality for aerobic life, and the high efficiency oxidation of water 
to dioxygen. Generating analogs of OEC with high stability and catalytic efficiency had been an 
outstanding challenge to synthetic chemists. The structure of the active site of OEC has been 
under much debate until Umena and coworkers reported its crystal structure at a resolution of 1.9 
Å in 2011 (Figure 1.4).
51
 This structure revealed a Mn4CaO5 active site cluster consisting of a 
Mn3CaO4 cubane, which binds to the fourth Mn center (often referred to as the “dangler Mn”) 
via a bridging oxo ligand. A more recent crystal structure resolved using femtosecond X-ray 
laser revealed the presence of a water molecule between the dangler Mn center and the cubane.
52
 
The catalytic cluster of OEC consists of multiple water ligands, some of which presumably 
undergo stepwise oxidation to produce dioxygen (vide infra). The multinuclear active site is held 
in place by three glutamic acid residues, two aspartic acid residues, two histidine residues, and 
one alanine residue. All Mn centers are six coordinated, while the Ca center is seven coordinated 
within the Mn4CaO5 cluster.
51
 
Figure 1.4. The active site of the oxygen evolving complex of photosystem II consisting of the 














The mechanism of water oxidation at the OEC has been a subject of large controversy;
21
 
thus, the proposal of the involvement of MnOH intermediates within the catalytic cycle of OEC 
is more tenuous. However, the mechanism described by Babcock and coworkers can be used to 
sufficiently describe the chemistry without disregarding the current experimental observations.
28
 
According to this proposed catalytic process, the cluster is thought to propagate from its least 
oxidized S0 state to the highest oxidized S4 state, during which, Mn-coordinated water molecules 
are proposed to undergo stepwise PCET (Scheme 1.1), where protons and electrons are shuttled 
away from the cluster in a series of steps, each driven by the absorption of a photon by the 
photosynthetic apparatus. Presumably, the oxidation of the MnOH2 units generate MnOH (or 
MnO(H)Mn) adducts, which undergo a second oxidation process to give rise to Mn=O (or 
MnOMn) units. When the cluster has reached its most-oxidized S4 state with Mn-bound oxo 
ligands, it switches back to the S0 state upon the liberation of dioxygen. A nearby tyrosyl radical 
has been proposed to be responsible for the abstraction of hydrogen atoms by Mn-bound water 
ligands or hydroxyl groups during this process.
27,28,53
 In support to this proposal, the range of 
OH bond dissociation enthalpies (BDE) of water ligands and bridging hydroxyl ligands of 
9 
 
dimanganese(III,III), dimanganese(III,IV), dimanganese(IV,IV) model systems (OH BDE = 77 
– 92 kcal/mol)
54-56
 are thermodynamically compatible with transferring hydrogen atoms to a 




1.2 Peroxomanganese(III) Model Complexes 
 Given the expected importance of Mn
III
-O2 species in biologically and industrially 
relevant chemical pathways, coordination chemists have sought to generate model systems, 
which are often less cumbersome to isolate in high yields, and carry out detailed investigations, 
compared to the actual enzymatic systems. Most peroxomanganese(III) model complexes are 
thermally unstable, and therefore, they are only generated at low temperatures (<0 
ο
C), 
complicating their solid-state characterization.
32
 In spite of their impaired thermal stability, eight 
crystal structures have been reported so far (Figure 1.5), including the first report of a 
peroxomanganese(III) complex by Valentine and coworkers in 1987.
58-64
 Other examples where 
solid-state characterization is lacking, Mn
III
-O2 complexes are supported by spectroscopic 
investigations, mass spectrometric data, and/or computational work.
65-72
  





-alkylperoxomanganese(III) complexes have been summarized in a recent review.
32
 The 
properties of peroxomanganese(III) adducts relevant to this dissertation will be summarized here. 

2
-peroxomanganese(III) adducts have been synthesized by oxidizing the Mn
II
 parent complex 






 Regardless of the 
method, these chemically generated peroxomanganese(III) intermediates often exhibit modest 
yields, which complicates their structural characterization with techniques such as X-ray 
absorption spectroscopy (XAS), especially when crystallographic characterization is not feasible. 
10 
 
A recent report by Anxolabéhère-Mallart and coworkers demonstrated that electrochemically 
generated superoxide can produce greater yields of peroxomanganese(III) compounds from Mn
II
 
precursors supported by pentadentate ligands.
74
 This methodology if extended to other systems, 
could potentially provide a fruitful method to generate high yields of peroxomanganese(III) 





-peroxomanganese(III) complexes characterized by X-ray crystallography. 
 
All structurally characterized peroxomanganese(III) intermediates reveal hexacoordinated 
Mn
III
 centers with a 
2
 (side-on-bound) peroxo ligand with MnO and OO bond lengths 





-peroxomanganese(III) species commonly display weak ( = 




) absorption features within the visible region (max = 670 – 415 nm), that stem 
from the Mn
III
 ligand field, and peroxo-to-Mn
III
 charge transfer (CT) transitions.
70
 In a recent 
study, detailed spectroscopic (electronic absorption and MCD) and computational investigations 





















 displayed two 
prominent features centered at 445 nm (22 472 cm
-1
) and 590 nm (16 950 cm
-1
). These features 
were attributed to the peroxo op*  Mn
III




  dxy ligand-field 
one-electron excitation, respectively. The latter transition is typically observed around 10 000 
cm
-1












, this feature is 
blue-shifted due to the significant covalency between the peroxo ligand and manganese center, 
which results in significant destabilization of the 3dxy acceptor orbital.  
 
 






























 (right). The dz
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 is ~3000 cm
-1
 











The most common type of reactions that peroxomanganese(III) complexes mediate are 
aldehyde deformylation reactions, where they generate alkenes and ketones (depending on the 
extent of oxidation) from aldehydes. This reveals the nucleophilic nature of the peroxo moiety of 

2
-peroxomanganese(III) complexes. Furthermore, the conversion of these Mn
III
-O2 complexes 
to dimanganese(III,IV) species, and Mn
III










 (TMP = tetramesitylporphyrin) has been observed to react with benzoyl 
chloride to generate high-valent Mn
V
-oxo species, which performed olefin epoxidation. This 
reactivity is of great interest, as the conversion of mid-valent peroxo-type intermediates to high-
valent intermediates have been proposed for numerous biological pathways.
49,77
 In spite of those 
proposals, and the porphyrinoid complex mentioned above, examples of activation of 
peroxomanganese(III) species to generate high-valent oxidants are extremely scarce. 







 (TMC = 1,4,8,11-tetramethyl-1,4,8,11-
tetraazacyclotetradecane), to the corresponding η
1
-hydroperoxomanganese(III) adduct, upon 











 upon the addition of 3 equiv. of triethylamine. Although it has been 
previously proposed that Mn
III
-O2 adducts can be converted to Mn
III
-OOH species upon 
protonation,
65
 this work provides evidence for the first η
1
-hydroperoxomanganese(III) complex 





 displayed oxo-atom transfer (OAT) reactivity with sulfides, revealing its 
electrophilic nature in contrast to the nucleophilic reactivity of η
2
-peroxomanganese(III) 
complexes. The mechanistic details of the sulfide oxidation reaction are still unclear, although 
the homolytic OO bond cleavage could potentially give rise to a high-valent Mn
IV
-oxo oxidant, 
which could be mediating the observed OAT reactivity. It was also observed, in another recent 
study, that an electrochemically generated η
2
-peroxomanganese(III) complex reacts with acids in 
the presence of reducing equivalents, where either the cleavage of MnO or OO bond was 
observed depending on the strength of the acid.
78
 In the presence of a strong acid (HClO4), the 
13 
 
metal-bound peroxo moiety is protonated, cleaving the MnO bond, leading to the formation of 
H2O2. In contrast, when a weak acid is present, it was observed that the peroxo ligand is reduced 
further, causing the OO bond cleavage. The resulting dioxo adduct is then protonated by the 
weak acid producing the final dihydroxo species.  
 
1.3 Hydroxomanganese(III) Model Complexes 
 Although there are numerous synthetic examples of multinuclear manganese complexes 
with bridging hydroxide ligands,
23,55,56,79-85
 monomeric manganese complexes with terminal 







)], supported by a tetradentate dianionic 
phenolate-containing ligand (Figure 1.7).
86
 This new compound was highly stable, which 
allowed its solid state characterization using X-ray diffraction methods. Since this first report, 
there have been eight reports of such complexes, where structural characterization has revealed 
MnOH distances in the range of 1.81 – 1.86 Å.
87-93
 In this section, the methods utilized in the 
generation of monomeric Mn
III
-OH compounds from Mn
II
 precursors, their characteristic 
structural properties, and oxidative reactivity is described in detail. 
 1.3.1 Generation of Hydroxomanganese(III) Complexes. The most commonly used 
oxidant in generating monomeric Mn
III
-OH adducts from their Mn
II
 precursors is dioxygen. 
Although mechanistic details for these processes are still unclear, current proposals for these 
pathways involve dimeric manganese intermediates, and high-valent manganese species with 
terminal oxo ligands, as described in detail below. The yields of hydroxomanganese(III) 
complexes derived from dioxygen has been reported as moderate (~60%),
89,93
 until the recent 









 complex in >98% yield.
91
 This result is significant as such a high 
yield suggests the absence of a radical-based pathway, which would likely generate multiple 
products, rather than one major product by O2 activation. Furthermore, another unique feature of 
these O2-dependent syntheses is that the generation of Mn
III
-OH adducts were also feasible with 
air oxidation of the Mn
II
 precursor complex in solution.
91,93
 Thus, if these systems can be further 
developed to perform catalytic turnovers, they could provide highly desirable greener, less 
expensive aerobic oxidation catalysts that could in principle replace precious metal catalysts that 
are currently in use.  
The two-electron oxidant and oxo-group transferring agent iodosobenzene (PhIO) has 




  complex reported by Stack and 
coworkers (Figure 1.7).
87
 While mechanistic details have not been described, PhIO could be 
responsible for the generation of a high-valent Mn
IV
-oxo species in solution, as observed 
elsewhere.
94,95
 Then this highly reactive Mn
IV
-oxo complex could abstract a hydrogen atom to 
produce the Mn
III
-OH end product. Finally, two of the reported Mn
III
-OH species have been 
generated from Mn
III










Figure 1.7. Crystallographically characterized monomeric Mn
III
-OH complexes. Hydrogen 
atoms (other than the MnOH group), and non-coordinating counter anions and/ or solvent 
molecules have been excluded for clarity. See Table 1.1 for references. 
 
 
Table 1.1. Crystallographic MnOH distances, experimental O-H Frequencies; Solution 




 couple (vs. SCE); and 
Electronic Absorption Maxima and Extinction Coefficients for Hydroxomanganese(III) 
Complexes.  
Complex   MnOH  
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   1.854(8) 3367 (ND
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)  4.9 -0.44 299 (2221), 411 (260), 
















 1.872(2) 3613 (ND
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) 4.9 -1.35 
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All measurements are reported at 25 
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1.3.2 Characterization of Hydroxomanganese(III) Complexes. The X-ray crystal 
structures of monomeric Mn
III
-OH complexes reveal MnOH distances that vary within the 
range of 1.81 – 1.86 Å. Longer MnOH bond lengths are observed when the hydroxyl group is 
involved in intramolecular and/ or intermolecular hydrogen-bonding interactions.
89,90
 In fact, the 
longest MnOH distance (1.86 Å) was reported for a Mn
III
-OH adduct where the Mn-bound 
hydroxyl unit is involved in a hydrogen bonding network that includes six aqua ligands, as 
evidenced in its solid-state structure.
90









-OH unit is buried in a sterically crowded pocket, 










. In the latter complex, both 
hydrogen-bonding and ligand steric interactions have facilitated the stabilization of the 
monomeric Mn
III
-OH complex (Figure 1.7). Thus, in spite of the high tendency of hydroxyl 
ligands to bridge between two metal centers, monomeric Mn
III
-OH complexes enhance their 
stabilities utilizing steric and/ or hydrogen bonding interactions under ambient conditions. 
Vibrational frequencies for the OH stretches of the Mn
III
-OH units have also been reported for 
four complexes, which range within 3367 – 3643 cm
-1
 (Table 1.1). The solution magnetic 
susceptibilities for most of these complexes are reported, which are always consistent with the 
presence of a monomeric high-spin Mn
III
 center in solution.
86,87,91,92
 Electronic absorption 
spectroscopic signatures exhibited by some of these Mn
III
-OH complexes have been reported, 
and are summarized in Table 1.1. These features vary significantly depending on the supporting 









 The overall charges of the Mn
III





reduction potentials, where more positively charged complexes have a higher reduction 
potential
98
 (Table 1.1). Thus, the series of Mn
III
-OH complexes reported to date consist of a 
17 
 









complex is a clear outlier having a low reduction potential of -1.17 V despite being 
monocationic. This could be due to the preferential stabilization of Mn
III
 within the rigid cavity 
of the Me2EBC macrocyclic supporting ligand.  
 
1.4 Oxidative Reactivity of Hydroxomanganese(III) Complexes 
 The most common type of oxidative reactivity in which mid-valent manganese oxidants 
engages is proton-coupled electron transfer (PCET) reactions.
28,48
 These reactions are very 
common in biology, especially where the independent transfer of a proton or an electron is 
energetically uphill.
99
 In fact, all biological examples of hydroxomanganese adducts take part in 
PCET at some stage of the mechanism in which they are involved. The M
III
-OH (M = Fe or Mn) 
moiety of lipoxygenase undergoes initial PCET, which has been identified as the rate-
determining step for peroxidation of fatty acids (Figure 1.3).
6,46-48
 The oxidation of water 
molecules within the OEC involve MnOH intermediates that take part in PCET as the active 
site cluster reaches its most oxidized S4 state.
27
 Finally, the Mn
III
-OH adduct of Mn-SOD 
undergoes PCET during its catalytic reactivity.
37
 The ubiquitous nature of PCET in biology has 
motivated research in the development of bio-inspired metal complexes, which are capable of 
carrying out these reactions.
87,91,94,98,100-102
 To date, numerous such oxidants have been reported, 
and the thermodynamic and kinetic properties of their reactivities have been studied in 
substantial detail.
56,79,87,91,100,103-118





have been of great interest in this regard, which have displayed highly active PCET 
reactivities.
16,94,95,119
 However, mid-valent hydroxomanganese(III) oxidants that are capable of 









 where the respective oxidation of CH and OH 
bond substrates have been described (vide infra).  
1.4.1 Proton-coupled Electron Transfer Reactions. These reactions are generally 







) in a single or multiple kinetic steps.
102
 Thus in these processes, a donor and an acceptor can 
be identified for the transfer of the H

. Classic organic PCET reactions involved a p-block radical 
as the H

 acceptor, and the proton and the electron share the same acceptor orbital following the 
transfer.
102,108
 These reactions are often referred to as hydrogen atom transfer (HAT) reactions. 
Organic reactions that are driven by HAT processes are common in vitamin B-12 activity, 
detoxification of reactive oxygen species by antioxidants, and industrially relevant partial 
oxidation and combustion methodologies.
120
 
In many examples of metal oxidants that mediate PCET, the proton and the electron are 
separated from each other during the transfer process. That is, the electron is generally accepted 
by the metal center, while the proton ends up at a basic ligand which could be a significant 
distance away from the metal center. In some examples, the metal center and the basic proton 
accepting ligand are separated as much as 11 Å, with very small electronic coupling between 
these sites.
111
 In addition, for metal-mediated processes, the proton and the electron transfer 
processes could occur in single or multiple kinetic steps. Thus, PCET reactions involving metal 
oxidants are further categorized into concerted proton-electron transfer (CPET), proton transfer 
followed by electron transfer (PT/ET), and electron transfer followed by proton transfer 
(ET/PT).
102
 Regardless of the distance between the proton and electron accepting sites, and the 
kinetic details, all PCET reactions are fundamentally similar to each other, and also to organic 
HAT reactions.
120
 The thermodynamic description of these reactions will aid in better 
19 
 
understanding the feasibility and selectivity of these oxidative processes, which is important in 
designing novel metal oxidants with well-tuned PCET properties. 
The thermodynamic feasibility of a PCET reaction has long been described in terms of 
the enthalpies (H
ο
) of the reaction, until the elegant work by Mayer and coworkers that revealed 
that free energies (G
ο
) are the most appropriate parameters for comparison, especially for PCET 
involving metals.
108
 The differences between these terms arise from the change in entropy that 
occurs during the reaction. Although solvation entropies for both these forms of the oxidant are 
often identical for organic systems, metal complexes may have significantly different solvation 
entropies for their reduced and oxidized forms.
112,116,121,122
 Thus herein, all energies are 
expressed in terms of G
ο
 unless otherwise stated. Similar to any chemical reaction, the 
thermodynamic feasibility of a PCET reaction is driven by the bond dissociation free energies of 
the reactants and the products. When the product is a transition metal complex, the bond 
dissociation free energy of the product can be calculated in terms of the reduction potential of the 
metal center (E
ο
), and the dissociation constant of the protonated ligand (pKa) as described by 
Bordwell and coworkers (Scheme 1.2).
123
 This expression provides a basic understand on how 
these physical properties can be modified in order to develop better oxidants/ catalysts for PCET. 
In principle, increasing both E
ο
 and pKa would lead to the design of more efficient PCET 
mediators, since it will increase the driving force of the reaction. Nevertheless, in practice, this is 
an impossible task since for the majority of transition metal complexes, E
ο
 and pKa are inversely 
related to each other.
100
 However, one could attempt to increase both of these properties 
simultaneously, by using a strong oxidant and a strong base in unison, instead of intending to 
utilize a single PCET mediator.
124
 Recently, this phenomenon has been used in conjugation with 
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Scheme 1.2. Constituent thermodynamic processes that construct a PCET reaction, and the  
Bordwell expression that defines their free energy relationships. 
 
In most metal-mediated PCET systems modifying E
ο
 and pKa can be challenging. As 
mentioned above, E
ο
 often correlates well with the electronic properties of the supporting ligand, 
as it dictates the electrophilicity of the metal center (Table 1.1). Consequently, electron rich 
(anionic and/or soft base-containing) supporting ligands will generate less-reducing metal centers 
and vice versa. On the other hand, the pKa of the oxidant is an intrinsic property of the proton 
accepting basic ligand, which can be tuned by the proximity of the proton acceptor to the 
cationic metal ion.  Mid-valent M
III
-OR type oxidants are very desirable in this case, as the pKa is 
tunable by varying both the metal and the R group of the -OR ligand.
91,100
 Such a tunability is 
absent for high-valent M
IV/V
-oxo type oxidants. Thus, the identity of the -OR ligand can be 
utilized to control the oxidative reactivity of M
III
-OR complexes. In a recent study by Kovacs 
and coworkers, the role of pKa of a Mn
III
-OR unit (R = H, CH3, Ph, p-NO2-Ph) on the PCET 
capabilities of a series of Mn
III
-OR complexes was investigated.
91





 and pKa is essential for metal oxidants to result in an adequate driving force 
for a given PCET process.
100
 
Extensive thermodynamic studies reported by Mayer and coworkers have furthered the 
understanding of PCET reactions, and have shown that Marcus theory descriptions of electron 
transfer reactions do also hold well for PCET processes.
108,120
 Consequently, the rate of a PCET 
process between a donor and an acceptor (kAH/B
; cross transfer reaction) could be expressed in 
terms of their self-exchange rate constants (kAH/A
 and kBH/B
) as seen in Scheme 1.3. It has been 
shown that the experimentally measured cross-coupling rate constants correlate well with the 
calculated values based on the self-exchange rates of each reactant.
108
 This phenomenon could 
also provide an explanation for the long observed differences in PCET rates of equally strong 
CH and OH bond substrates. Multiple PCET studies have exhibited that OH bonds reacts 
faster (in some instances by several orders of magnitude
126-129
) than equally strong CH bonds. 
Marcus theory cross-relations of PCET reactions reveal that this difference has its basis in the 
large differences in self-exchange rates of OH and CH bond substrates. For an example, 






and phenol is ~10
5
 times greater 
than that rate with toluene, despite the similar driving forces of these reactions.
108
 However, 
these rates correlated well with the calculated PCET rates using Marcus cross relations, where 
the ~10
8
 difference in the self-exchange rates of phenol and toluene are taken into account. Thus, 
irrespective of the driving force of the PCET reaction, OH bonds would react faster than 
equally strong CH bond substrates. The reasoning behind these differences in self-exchange 
rates is still unclear, although several proposals have been made in relation to the differences in 







Scheme 1.3. PCET rate between an H

 donor (HA) and an acceptor (B

) expressed in terms of 
their self-exchange rate constants (kAH/A
 and kBH/B
). Keq is the equilibrium constant for the cross-





























 (PY5 = 2,6-bis(bis(2-
pyridyl)methoxymethane)pyridine) complex (Figure 1.8), which is capable of oxidizing weak 







was generated by treating the Mn
II
 precursor complex with PhIO in acetonitrile (90% yield). This 
complex is, by far, the most reactive Mn
III
-OH oxidant reported to date, and the only oxidant 
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capable of oxidizing CH bond substrates with bond dissociation enthalpies up to 88 kcal/mol. 
Kinetic studies of these PCET reactions were performed following the changes in electronic 











 at 50 
ο
C in MeCN, yielding > 80% anthracene 










 product complex and anthracene. The activation parameters 
for this PCET process were calculated following an Eyring analysis within the temperature range 
of 25 – 75 
ο
C, revealing an enthalpy of activation (H
ǂ
) of 9.3(5) kcal/mol, and an entropy of 
activation (S
ǂ











 which implies the presence of a highly ordered transition state for the Mn 
oxidant. All other organic substrates react with second order rate constants in the same order of 
magnitude as DHA, although product characterization and quantification for other substrates did 
not yield conclusive results. It is also important to note that the Polanyi plot (the plot of log k2 
versus the substrate BDE) displayed a slope of -0.1, which is significantly smaller than the 
expected -0.5 slope from Marcus theory.
120
 In addition, the H/D KIE observed for DHA and 
toluene were 2.4 and 1.5 respectively, which are smaller than the commonly observed large H/D 
KIEs of high-valent PCET metal oxidants.
94,119,132
 These unique differences of this mid-valent 
manganese oxidant provide important insights into the mechanistic details of its PCET reactivity, 




 also oxidized 2,4,6-tri-
tertbutylphenol (
4-t-butyl







 The low product yield is suggestive of side reactions of the phenoxyl 
radical that prevented its full accumulation in solution.  
24 
 









was observed at +0.810 V (Ep = 150 mV) versus the standard hydrogen electrode (SHE) in 
MeCN at 25 
ο
C. This is the largest reduction potential observed for a Mn
III
-OH complex, which 
is attributed to the overall dicationic charge of the complex. A pKa
 





 by optical titrations with singly deprotonated methyl orange and 
bromocresol green in MeCN at 25 
ο
C. The independent determination of the E
ο
 and pKa enabled 




 using the Bordwell relationship 
described in Scheme 1.2. Furthermore, using the calculated E
ο
 and pKa values, a stepwise PCET 




































, the only other Mn
III
-OH complex that is capable of 






 complex (Figure 1.9) reported by Kovacs and 


































 oxidized the weak OH bond substrate 
TEMPOH (BDFE = 66.5 kcal/mol in MeCN
126







 at 25 
ο
C in MeCN. TEMPOH is an ideal substrate to study CPET reactions, since both its 
deprotonation and one-electron oxidation are very much thermodynamically uphill, compared to 
the homolytic OH bond cleavage to generate TEMPO.
126
 For this reason, TEMPOH will always 







 with TEMPOH exhibiting an H/D KIE of 3.1 is 
suggestive of a CPET mechanism with the OH bond breaking step being the rate-determining 







suggested that the oxidation reaction is 1:1 with respect to the metal complex and the substrate, 
and the activation parameters were calculated to be H
















potential indicating the involvement of PCET. Consequently, using a modified Bordwell 
relationship (G
ο
PCET (BDFE) = 23.06 EpH + 1.37 pH + 57.6 kcal/mol), it was shown that the 






  is 74.0(5) kcal/mol in H2O. This 







, as well as its chemically inert behavior toward much stronger CH 
bond substrates (1,4-cyclohexadiene (CHD) and DHA). Furthermore, although the direct 






 in MeCN was not feasible due to 
26 
 
solvent exchange, an estimated BDFE of 70.1 kcal/mol was reported, based on the differences of 
solvation enthalpies of H








only mediate PCET reactivity with the weak OH bond substrate TEMPOH (BDFE = 66.5 






 is capable 
of catalytically oxidizing TEMPOH, with at least 10 turnovers in a continuously oxygenated 
medium. It should also be noted that the current reports do not describe the optimization of this 
catalytic activity, in terms of substrate scope or supporting ligand variations. 
 
1.5 Dioxygen Activation to Generate Mn
III
-OH Complexes 
 Single or two-electron reduction of dioxygen by manganese(II) complexes is much less 







 Although numerous mechanistic proposals have been made for Mn-





 complexes that activate O2 in order to generate Mn
III
-OH adducts are even 
more scarce, warranting more work in this area. There have been two main proposed pathways 
for the formation of O2-derived Mn
III
-OH complexes by Borovik and Kovacs.
89,91,135,136
 These 
mechanisms exhibit different Mn:O2 stoichiometries, which should be distinguishable by 
manometry or 
18
O2-labeling experiments. O2-dependent kinetic measurements could also provide 
insight into the rate determining step of O2 activation, which is important in elucidating the 
mechanism. Although not very common, such kinetic measurements have been performed via 
the addition of variable volumes of O2 gas, or by the addition of O2 saturated solvents.
71,135
  










2 (Scheme 1.4), which then undergoes 
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highly reactive intermediate abstracts an H

 from the solvent (MeCN) to generate the final Mn
III
-
OH product. The evidence for the formation of the high-valent Mn
IV
=O intermediate comes from 
the observation of triphenylphosphine oxide formation when the O2 reaction was carried out in 
the presence of an excess of triphenylphosphine. Furthermore, when the reaction was carried out 
in d3-MeCN, Mn
III
-OD was observed as the major product, suggesting that the Mn
IV
=O 






 from the solvent. Finally, the Mn:O stoichiometry was 















































 This mechanism is supported by spectroscopic, 
18
O2-labeling, as well as O2-
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 Together, these data suggest that 














to generate a high-valent Mn
IV




























although in that case, no intermediates have been observed for dioxygen activation (Scheme 
1.5A).
91,137



















 presumably activates dioxygen in a similar 






 from O2 can be 
proposed as shown in Scheme 1.5B. In this case, the Mn:O stoichiometry would be 4:1, as 50% 
of oxygen in Mn
III
-OH  is H2O-derived. Consequently, an 
18












































 The work herein describes the design, synthesis and characterization of novel peroxo- 
and hydroxo-manganese(III) adducts, along with kinetic analysis of the oxidative reactivities of 
the latter. Variations in geometric and electronic properties of peroxomanganese(III) complexes 
have revealed the importance of ligand-based steric and electronic properties in modulating the 
stabilities and reactivities of these often unstable reaction intermediates. Furthermore, novel 
dioxygen activating Mn
II
 complexes have been synthesized, and the dioxygen activation 
mechanistic studies are also reported. Moreover, kinetic investigations of the PCET reactivity of 
30 
 
hydroxomanganese(III) complexes have revealed unique reaction profiles unprecedented for 
such metal oxidants prior to this work.  
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Mono- and dinuclear manganese-based catalysts that react with dioxygen and its reduced 
forms have been shown to play crucial roles in both biological and synthetic catalytic pathways.
1-
9
 With regards to the biological systems, manganese superoxide dismutase (Mn-SOD), which 
catalyzes the disproportionation of superoxide to hydrogen peroxide and molecular oxygen,
1-5
 
and manganese ribonucleotide reductase, which facilitates the generation of 
deoxyribonucleotides from ribonucleotides, serve as important examples.
6-8
 Synthetic manganese 







 Although detailed catalytic cycles for both the biological 
and synthetic systems are still being investigated, peroxomanganese(III) species are often 
proposed as key intermediates.
1,2,14-16
 Therefore, descriptive studies on steric and electronic 
factors that govern the bonding of these peroxomanganese intermediates are of great interest.  





) have been reported,
17-27
 several of which have been characterized by X-




 adducts contain side-on peroxo 
(
2
-O2) ligands with fairly symmetric Mn−Operoxo bonds that fall within the range of 1.85 to 1.90 
Å.
17,22,23,26,27
 Alkylperoxomanganese(III) compounds recently reported by Coggins and Kovacs 
show end-on peroxo binding.
28
 There is only indirect, spectroscopic evidence for 
hydroperoxomanganese(III) species,
21
 which stands in contrast to that observed for analogous 
iron systems, where both peroxo- and hydroperoxoiron(III) adducts have been characterized.
29-31
 
In addition, while resonance Raman spectroscopy has played a central role in the characterization 
of peroxoiron species,
29
 similar studies of peroxomanganese(III) adducts have been complicated 
by sample degradation upon irradiation.
20,23
 There is significant current interest in understanding 
38 
 
factors that control Mn−Operoxo bond lengths in attempt to stabilize hydroperoxomanganese(III) 





 complex (13-TMC = 1,4,7,10-tetramethyl-1,4,7,10-
tetraazacyclotridecane) results in a shift in the peroxo from a side-on to a more end-on binding 



























methyl-2-pyridylmethyl)-1,4-diazepane) have different magnetic circular dichroism (MCD) 
profiles that correlate to differences in Mn-O2 bonding.
18













  dxy transition (band 1 or the HOMO-to-
LUMO transition; see Scheme 2.1) by ~3 000 cm
-1








. With the aid 
of DFT computations, this red-shift was attributed to a change from a side-on-bound peroxo 








 to a more 











  The acceptor orbital involved in this electronic transition is the Mn dxy 
molecular orbital (MO), which is strongly Mn−Operoxo -antibonding, and thus stabilized by this 
modest lengthening of the Mn−Operoxo bond (Scheme 2.1). The Mn−Operoxo bond elongation for 
the 6-Me-substituted complex was attributed to a reduction in the Lewis acidity of the Mn
III
 
center due to the presence of the electron-donating 6-Me groups. However, in a subsequent study 








, which contains 4-Me-











This leads to the alternative proposal that steric clash between the 6-Me substituents and the 








 is the dominant contributor to the elongated Mn−Operoxo 
39 
 
bond. Indeed, structural models developed using density functional theory (DFT) computations 








  causes the pyridine rings to 
cant above and below the equatorial plane, which leads to crowding of the peroxide binding 
pocket by the 6-Me substituents and the pyridine rings.  This conclusion was reinforced by the 







 (Figure 2.1), in which the quinolinylmethyl arms must cant significantly to 











 However, this proposal was made on the basis of electronic absorption data alone, and it 
is well-established from previous work that MCD spectroscopy offers a far more sensitive probe 
of Mn
III
 d-d transition energies. In addition, electronic variations in this ligand family have been 












q2, and C) L
7
iso-q2 ligands, and D) schematic 




















 with overlay contour plot of the 
LUMO (left) and Mn
III
 d orbital splitting diagram (right). 
 









series, and thereby explore steric and electronic influences on Mn
III
-O2 bonding, we herein report 






















iso-q2 ligands that contain 4-chloropyridinylmethyl and isoquinolinylmethyl 













 ligand series permit comparison of electronic effects, as these 
ligands differ only in the nature of the pyridine substituent in the four-position, where steric 
effects on the peroxo ligand are minimized. The L
7





that lacks the intra-ligand steric effects between the quinoline rings that are present when 
the latter ligand coordinates a metal. Along with supporting DFT computations, the MCD data 
firmly establish that steric clash between six-appended pyridines or quinoline groups leads to the 











a small spectral perturbation is observed when the electronic properties of the supporting ligand 
are altered, showing that either changes in the electronic properties of the supporting ligand do 
not greatly affect Mn
III
-O2 bonding or that the variation in the electronic properties are too 
conservative to appreciably perturb the peroxomanganese(III) unit. 
41 
 
2.2. Experimental Section 
2.2.1. Materials. All chemicals were obtained from commercial vendors at ACS reagent-
grade or better and were used without further purification. Acetonitrile and ether were dried 
using a PureSolv Micro system (Innovative Technologies) and degassed using standard 
techniques.
47
 Butyronitrile and acetone were used as received. Manipulations of Mn
II
 complexes 
were carried out under argon using a glovebox or Schlenk techniques. 
2.2.2. Instrumentation. 
1
H NMR spectra were obtained on a Bruker DRX 400 MHz 
NMR spectrometer. Electronic absorption spectra were recorded on a Cary 50 Bio 
spectrophotometer (Varian) interfaced with a Unisoku cryostat (USP-203-A). ESI-mass 
spectrometry experiments were performed using an LCT Primers MicroMass electrospray-
ionization time-of-flight instrument.  Magnetic circular dichroism (MCD) spectra were collected 
on a spectropolarimeter (Jasco J-815) interfaced with a magnetocryostat (Oxford Instruments 
SM-4000-8). 














), and 1,4-bis(2-quinolinylmethyl)-1,4-diazepane (L
7
q2) were prepared as 
previously described.
18,19,48





) was prepared by reacting homopiperazine with 4-chloropicolinaldehyde 
(70% yield) and 1,4-bis(2-isoquinolinylmethyl)-1,4-diazepane (L
7
iso-q2) was prepared by 
reacting homopiperazine with 1-(bromomethyl)isoquinoline hydrobromide (65% yield). 
1
H 










 (CDCl3; δ) 8.43 (d, 2H 
JHH = 4.28), 7.54 (d, 2H, JHH = 1.52), 7.17 (dd, 2H, JHH = 2.64), 3.82 (s, 4H), 2.82 (t, 4H, JHH = 
3.44), 2.78 (s, 4H), 1.86 (p, 2H, JHH = 4.8) and L
7
iso-q2 (CDCl3; δ) 8.56  (d, 2H, JHH = 8.4), 8.41 
42 
 
(d, 2H, JHH = 5.72), 7.81 – 7.55 (m, 8H), 4.19 (s, 4H), 2.85 (t, 4H, JHH = 5.92), 2.74 (s, 4H), 1.81 
(p, 2H, JHH = 5.96).  
2.2.4. Preparation of Mn
II
























)(OTf)2] complexes were synthesized 








ligands with Mn(OTf)2 in 
MeCN solution in a 1:1 molar ratio. Mn(OTf)2 was prepared by a previously reported procedure 
by reacting equimolar amounts of (CH3)3Si(OTf) and anhydrous MnCl2.
23
 Details of a 
representative preparation for a metal complex are as followed. To a stirred solution of 757.45 
mg (2.145 mmol) of Mn(OTf)2 in 10 mL of MeCN was added L
7
iso-q2 (821 mg, 2.145 mmol) in 
10 mL of MeCN. The yellow solution was stirred overnight and evaporated under reduced 
pressure. The solid thus obtained was dried in vacuum. Recrystallization of the crude solid from 
MeCN/diethyl ether afforded nearly colorless crystals of [Mn(L
7
iso-q2)](OTf)2 (1.42 g, 90%). 
Crystals suitable for X-ray diffraction experiments were grown from subsequent recrystallization 




























  requires M
+
,  440.0, where in each case the triflate ions were replaced by 







)(OTf)2] were determined using the 
1
H NMR method of Evans in CD3CN at 298 
K.
41












)(OTf)2]0.3C4H8O0.75H2O: MnC20.2H23.9N4O7.05F6S2 calcd (%): C 32.81, H 3.26, N 7.58; 
found (%): C 32.50, H 3.66, N 7.98. 
43 
 
2.2.5. X-ray Crystallography. Single crystals of [Mn(L
7
iso-q2)(OTf)2] were grown by 





)(OTf)2] were grown by vapor diffusion of ether in to an acetonitrile solution of the complex at 
room temperature. Complete sets of unique diffracted intensities were measured for specimens of 
[Mn(L
7




)(OTf)2] using monochromated CuK radiation (= 
1.54178 Å) on a Bruker Single Crystal Diffraction System equipped with Helios multilayer x-ray 
optics, an APEX II CCD detector and a Bruker MicroSTAR microfocus rotating anode x-ray 
source operated at 45 kV and 60 mA. Lattice constants for each sample were determined with the 
Bruker SAINT software package. The Bruker software package SHELXTL was used to solve 
both structures using “direct methods” techniques. All stages of weighted full-matrix least-
squares refinement were conducted using Fo
2 
data with the SHELXTL Version 6.10 software 
package.
46
 Details concerning X-ray diffraction experiments and data analysis are provided in 
the Appendix (A1). CCDC-854444 and CCDC-854443 contain the supplementary 






)(OTf)2], respectively. These 
data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 
www.cccdc.cam.ac/data_request/cif. 
2.2.6. In Situ Preparation of Peroxomanganese(III) Complexes. The 
peroxomanganese(III) intermediates were formed by treating 2.5 mM MeCN solutions of metal 
complexes with 5 equivalents H2O2 (30% in H2O) and 0.5 equivalents triethylamine at -40 
o
C. 
The formation of the peroxomanganese(III) complexes was evident from the appearance of 







































































were prepared in butyronitrile at -40
o 
C. Butyronitrile was used instead of MeCN, as the former 
produces an optical-quality glass upon freezing. The absorption spectra of these samples are 
essentially identical in acetonitrile and butyronitrile. Once formation of the 
peroxomanganese(III) species was complete (as monitored by UV-visible spectroscopy), the 
samples were cooled to     -80
o 
C, transferred to pre-cooled MCD cells, and flash-frozen in liquid 





the standard conversion factor  θ/(32980cd), where c is the concentration of the sample and 
d is the path length. Variable-temperature, variable-field MCD data were taken from full spectra 
collected at 2, 4, 8, and 15 K for positive and negative field strengths of 1 to 7 T in 1 T 
increments. 
2.2.8. Density Functional Theory Calculations. The ORCA 2.8 software package was 
used for all DFT computations.
49















were built using the X-ray coordinates of the corresponding Mn
II
 complexes, then adding 
side-on peroxo ligands. The pyridyl and quinolinyl rings were rotated from a canted position to a 
planar position. All calculations were converged to the S = 2 spin state. Geometry optimizations 
employed the Becke-Perdew (BP86) functional
50,51 
and the SVP (Ahlrichs split valence 
polarized)
52,53
 basis set with the SV/J auxiliary basis set for all atoms except for manganese, 
nitrogen, and oxygen, where the larger TZVP (Ahlrichs triple- valence polarized)
20
 basis set in 
conjunction with the TZV/J auxiliary basis set were used. For these calculations, the resolution 
of identity (RI) approximation,
54
 was used. Solvation effects associated with acetonitrile 





Vibrational frequency calculations performed for fully-optimized models revealed no negative 
frequencies. Optimized structures for other peroxomanganese(III) complexes are as described 
previously and used here for comparative purposes.
18,19
 To determine the dependence of the 
optimized geometries on the choice of density functional, geometry optimizations were also 
performed for all peroxomanganese(III) complexes examined in this study using the hybrid 
B3LYP functional
56-58
 and the same basis functions used in the BP86 calculations. Electronic 
transition energies and intensities were computed for all geometry optimized models using the 
time-dependent DFT (TD-DFT) method.
59-62
 These calculations employed the same basis sets 
used for the geometry optimizations. Cartesian coordinates of all geometry-optimized models, as 
well as the corresponding TD-DFT-computed absorption spectra, are included in the Appendix 
(A1). 
 
2.3. Results and Discussion 
2.3.1. Structural properties of Mn
II
 complexes. Figure 2.2 displays ORTEP diagrams 










)(OTf)2]. Selected bond 




iso-q2)(OTf)2] has a 
six-coordinate Mn
II
 center with the tetradentate L
7
iso-q2 ligand bound to the manganese center in 
a distorted trans conformation, where the four N atoms create a ruffled plane. The two axial 
coordination sites are occupied by triflate ions where the O(11)−Mn−O(21) bond angle is 
145.17°. Thus, these ligands deviate substantially from idealized axial positions. An acetone 





distance of 6.649 Å). The Mn(II)−ligand bond lengths range from ~2.1 to 2.3 Å and are typical 











)(OTf)2], which are of the P2(1) space group (at 100 K), 
contain four independent molecules (referred to as A – D) in the asymmetric unit. The metric 
parameters for these four molecules are quite similar (Table A1.5), and in each case the Mn
II
 




ligand and two triflate ligands. However, 
there are two key structural parameters that differentiate these molecules. First, the Mn−OTf 




 ligand (Mn−O(11)) ranges from 
2.042(11) to 2.286(14). Second, the angle between the O(11)−Mn−O(21) bonds is ~116º for 
molecules A and D and ~151º for molecules B and C (Table 2.1). These variations are likely 
related to one another and are tentatively attributed to greater steric crowding of the axial binding 




 ligand.  
 
 





















)(OTf)2]. For ORTEP 
diagrams hydrogen atoms have been removed for clarity. Significant interatomic distances and 























MnO(11) 2.149(3) A: 2.151(7)      B: 2.193(6) 








 145.17(11) A: 116.4(3)    B: 152.8(3) 
C: 151.2(4)    D: 119.4(5)
 
a
 Metric parameters represent the average of four independent molecules (A – D) in the 
asymmetric unit, with the exception of the Mn-O(11) distance and O(11)-Mn-O(21) angle, for 
which individual values are listed. Metric parameters for individual molecules A - D are listed in 
the Appendix (A1). 
b
For these parameters, the standard deviation refers to the variation over the 
four independent molecules in the asymmetric unit. 
 
 










)(OTf)2] in solution were 
probed using ESI-MS experiments and the 
1
H NMR method of Evans.
32











)(OTf)2] revealed major ion peaks at m/z 















respectively, where a Cl
-
 ion was substituted for the OTf
-
 ions in the mass spectrometer. The 
1
H 
NMR experiments afforded effective magnetic moments of 6.3 (Diam. Corr. = 0.5) and 6.1 






)(OTf)2] in deuterated 
acetonitrile at room temperature. These values coincide well with the theoretical effective 
magnetic moment of 5.9 μB expected for mononuclear high-spin manganese(II) systems. On the 







)(OTf)2] in the solid state is retained in MeCN solution. 
2.3.2. Formation of Peroxomanganese(III) Complexes. The absorption spectra of 










)(OTf)2] are featureless at 
48 
 
energies below 33 000 cm
-1
, as expected for high spin Mn
II
 complexes. Treatment of these 
complexes with 5 equivalents H2O2 and 0.5 equivalents triethylamine at -40
o
 C results in the 
formation of new absorption features in the visible region (Figure 2.3, top). This behavior is 
reminiscent of that observed for Mn
II




 (R = H, 









 adducts accounts for the appearance of new absorption bands in the visible 
region.
18,19


























, respectively, supporting the 
formulation of these new chromophores as peroxomanganese(III) adducts. Although these 
peroxomanganese(III) species are relatively stable at -40 ºC, they decay within minutes to hours 






 intermediate is the most stable 
peroxomanganese(III) adduct supported by the L
7
-family of ligands, exhibiting a half-life at 0 ºC 





















































 (bottom) in acetonitrile at -40
o






























22 420 (291) 












22 620 (262) 










24 050 (305) 











21 690 (280) 












22 470 (260) 











24 100 (280) 
~16 130 (80) 
6 min 
a
 From reference 18. 
b
 From reference 19. 
 














 are nearly 





















consisting of a weak, well-defined feature at ~17 500 cm
-1
 and a more intense band at ~22 000 
cm
-1
 (Figure 2.3 and Table 2.2). This is in spite of the electronic differences between the 















 that show a poorly-defined absorption band at ~15 
500 cm
-1
 and a more intense feature at ~24 000 cm
-1
 (Figure 2.3, bottom).
19
  Thus, the electronic 














 further support the 
proposal that it is the presence or absence of intraligand steric clash between the pyridine or 
quinoline groups, and not electronic perturbations, that largely governs the electronic transition 
energies of these complexes. To permit a quantitative comparison of the excited state properties 
of these complexes on the basis of electronic transition energies instead of absorption maxima, 





























, for which only electronic absorption data had 
been previously reported.
19













 complexes are discussed first.  












. The 2 K, 7 T 












 (Figure 2.4) each consist of a weak 
band at ~14 000 – 16 000 cm
-1
 and more intense features at higher energy. To provide a means of 
comparing the electronic transition energies of these complexes, Gaussian deconvolution of the 
MCD spectra were performed (Table 2.3 and Figure 2.4). This analysis reveals that the largest 
differences in transition energies occur for band 1, which is the only band to shift by >1 000   
cm
-1













. However, it is possible that for the latter complex these bands 









 can be fit by including additional bands at ~19 000 and 28 
000 cm
-1
, this does not significantly improve the goodness of fit. In any case, the presence or 
absence of these bands does not impact the major conclusions of this study. 
 By relation to our previous work,
18




  dxy transition 
(Scheme 2.1). Because the dxy
 
acceptor orbital is strongly Mn−Operoxo σ-antibonding, the energy 







 is attributed to a weakening of the Mn−Operoxo σ-interaction, likely through 
a slight bond elongation. When bound to a metal complex, the quinoline arms in the L
7
q2 ligand 
must cant above and below the equatorial plan to minimize steric interactions, which causes 











 In contrast, the isoquinoline arms in the L
7
iso-q2 ligand have 






























 on the other (1000 and 3000 cm
-1
, respectively; see Table 2.3),  is 
attributed to a reduced steric clash between the flat quinoline arms in L
7
q2 as compared to the 6-





















(bottom). Individual Gaussian curves (dotted lines) and their sums (dashed lines) obtained from 
fits of these data sets are displayed on their respective spectra. Conditions: MCD data were 
collected for 15 mM frozen glass samples in butyronitrile. 
 
 



















 Complexes Determined from Gaussian 




























Band 1 15 500 14 450 16 400 16 630 16 300 13 650 
Band 2  19 150 19 090 19 180  18 800 
Band 3 21 560 21 650 21 325 21 510 21 830 21 665 
Band 4 24 120 23 760 23 000 23 340 24 430 24 000 
Band 5 26 730 26 000 24 500 24 750 26 650  
Band 6  27 950 27 110 26 980 28 735 28 720 
Band 7 29 400 29 800 30 300 29 940 30 100 30 860 
a








 are from reference 18. 
 
 












 can be related 
to Mn
III
-O2 σ-interactions, interpretation of the spectral changes at higher energies (bands 2 – 7) 









 complex predicted both additional Mn d-d and weak peroxo-to-
53 
 
manganese(III) charge-transfer (CT) transitions in this energy window.
18
 The CT transitions 
involve excitation from the out-of-plane peroxo π-antibonding MOs (O2 πop*) to the low-lying, 




 orbitals, all of which are weakly Mn−Operoxo π-antibonding 
(Scheme 2.1). Thus, the energies of these orbitals will be, to varying degrees, dependent on 
Mn−Operoxo π-interactions that are significantly less sensitive to modest changes in the 
Mn−Operoxo bond length. However, the intensities of any peroxo-to-manganese(III) CT 
transitions in this spectral region will be modulated by the percentage of peroxo character in the 
Mn-based orbitals. Furthermore, the intensities of Mn d-d transitions will be affected by both the 
extent of mixing between Mn d and ligand orbitals and the proximity of Mn d-d and CT excited 
states. Given the very strong similarities between the majority of the transition energies for these 
two complexes (Table 2.3), the spectral perturbations at higher energy are attributed to changes 
in transition intensity. 


































reveal a total of seven electronic transitions from 11 000 to 31 000 cm
-1
. The deconvoluted MCD 
spectra are shown in Figure 2.5, and the transition energies are collected in Table 2.3. Despite the 














differ by no more than 400 cm
-1
, indicating very similar geometric and electronic structures. 








 are also considered (Table 
2.3), it is clear that electronic perturbations of the pyridine groups have a modest effect on the 
spectral properties of the Mn
III








 (R = H, 4-Me, 
and 4-Cl) series, there is only a small (~300 cm
-1
) blue-shift in band 1 as the pyridine group 
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 are considered (Table 2.3), these data firmly establish that it is the 
position, and not the identity, of the pyridine substituent that has the largest influence on the 
spectroscopic properties of these complexes. Figure 2.6 shows an expanded view of the low-




























(bottom). Individual Gaussian curves (dotted lines) and their sums (dashed lines) obtained from 
fits of these data sets are displayed on their respective spectra. Conditions: MCD data were 












































 (long dashed curve). A black 
vertical line is shown at 16 300 cm
-1









 (R = 4-Me, H, and 4-Cl) series; see Table 2.3. 
 
 























 are shown in Figure 2.7.  







temperatures greater than 6 K yielded data unsuitable for detailed analysis.) These data were fit 
using the formalism of Neese and Solomon
33
 to gain insights into the ground-state properties of 
these complexes. Figure 2.7 shows the best fits when both the zero-field splitting parameters (D 
and E/D) and the transition moment products (Mxy, Mxz, and Myz) are optimized to fit the data. 




 is the sum of the squares of the 
difference between experimental and fit data sets) to variations in D and E/D was assessed by 
systematically fixing the ZFS parameters at different values and floating the transition moment 
products to minimize χ
2
. As shown in the Appendix (Figures A1.1 – A1.3), all data sets are best 
fit with |D| > 1 cm
-1















 there is an upper-bound of |D| at ~2.5 cm
-1
. The observation that fits of VTVH MCD data 
56 
 
yield uncertainty in the magnitude and sign of D has been observed for other complexes and 
discussed in detail elsewhere.
34,35
 We note here that the range of D values obtained from this 









 Because a D < 0 cm
-1
 was determined in all those cases, it is likely the 
peroxomanganese(III) complexes examined here have negative D values as well, although this 
cannot be determined from the VTVH MCD data alone. As a consequence of the insensitivity of 























 to changes in D and E/D, the polarizations for these electronic transitions 

















, where the VTVH MCD data were quite sensitive to changes in D and 
E/D, permitting an accurate determination of both the ZFS parameters and transition 


































 (bottom; 24 096 cm
-1
) 
at the temperatures indicated. Fits to the data (solid lines) using the ZFS parameters indicated 










































 to compare with those previously 















complexes. Important metric parameters of the DFT-optimized models are collected in Table 2.4, 














 are shown in 
Figure 2.8. We note that these geometry optimizations were performed using the pure BP86 






-O2 species examined in this work, the DFT-optimized structures consist of 
six-coordinate Mn
III
 centers with side-on peroxo ligands that sit above a distorted square plane 
created by the four nitrogen atoms of the supporting ligand. This is consistent with the relatively 
small shifts in electronic transition energies observed for these complexes (Table 2.3). In general, 
the Mn−Operoxo bond lengths are ~1.87 Å, and quite symmetric, with differences of  0.004 Å for 















complexes provide exceptions, as both exhibit one long Mn−Operoxo bond length of ~1.89 – 1.91 
Å, which give rise to Mn−Operoxo bond length differences of 0.041 and 0.021 Å, respectively.  
Although these variations in bond lengths are quite small, they are magnified in the Mn dz
2
  dxy 
transition energy because the Mn dxy orbital is strongly Mn−Operoxo -antibonding (Scheme 2.1). 
Specifically, TD-DFT computations were used previously to show that a 0.04 Å change in bond 




 With the series of 
complexes reported in this study, we are able to demonstrate that there is a rough correlation 
between the experimental energy of the Mn dz
2
  dxy transition (band 1) and the DFT-computed 
Mn−Operoxo bond length (Figure 2.9, top). The fact that a perfectly linear relationship is not 
observed is not surprising. While the energy of the acceptor orbital is tuned by Mn−Operoxo 






 σ-antibonding. Thus, 
changes in the electronic structure of the supporting ligand should modulate the transition 
energy. However, the observation of a correlation between one Mn−Operoxo distance and the 
energy of band 1 underscores the greater covalency of the Mn−Operoxo bonds compared to Mn−N 
bonds,
 
which accounts for the peroxo perturbations having the greatest influence on the 


































Mn-O(1) 1.869 1.886 1.873 1.869 1.872 1.907 
Mn-O(2) 1.865 1.865 1.869 1.866 1.868 1.866 
O(1)-O(2) 1.445 1.439 1.444 1.442 1.444 1.452 
Mn-N(1) 2.229 2.304 2.097 2.218 2.108 2.177 
Mn-N(2) 2.206 2.201 2.288 2.207 2.283 2.279 
Mn-N(3) 2.282 2.294 2.214 2.281 2.212 2.147 
Mn-N(4) 2.169 2.136 2.215 2.107 2.215 2.296 
a


























Figure 2.9.  Top: Plot of the DFT-computed Mn−O(1) distance as a function of the energy of 
band 1 determined by MCD spectroscopy. Bottom: Comparison of experimental and TD-DFT 
computed energies of band 1. 
 
 




 complexes are able to account 
for the major spectral perturbations, we performed time-dependent DFT (TD-DFT) computations 
for this series to determine if this theoretical method could reproduce the variation in the Mn dz
2
 
 dxy transition energy observed experimentally. Although the absolute error of electronic 
transition energies computed using the TD-DFT method are expected to be on the order of the 
observed bandshift (~3 000 cm
-1
), and can in fact be much larger,
36
 it is possible that the trend in 
energies could nonetheless be reproduced by this method due to cancellation of systematic error 
among this series. Figure 2.9 (bottom) shows the energy of the Mn dz
2
  dxy transition (band 1) 
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obtained from MCD spectroscopy and TD-DFT computations using the B3LYP functional. 
Similar results are obtained using the hybrid PBE0 functional (Appendix (A1)). These results 
show that the trend is reproduced in a very general fashion, which we consider to be quite 

















  provide the respective high and 
low energy extremes for both the experimental and computed transitions (Figure 2.9, bottom). 

















 complexes to have transition energies within 
~200 cm
-1
, in contrast to the experimental difference of ~2 000 cm
-1
. Although there were 
variations in TD-DFT-computed electronic transition energies for other bands (figures A1.5. and 
A1.6.), given the very, very minor experimental bandshifts observed for these transitions (Table 
2.3), we did not pursue a detailed analysis of these perturbations. 
 
2.4. Conclusions 
In this work we have described the generation and characterization of manganese(II) and 







. MCD and VTVH MCD data collected for these Mn
III
-O2 complexes, and 
corresponding data collected for a series of previously reported peroxomanganese(III) adducts, 
were analyzed within the framework provided by DFT computations to determine how the 
properties of the supporting ligand affect the geometric and electronic structure of the Mn
III
-O2 
unit. Collectively, the experimental data and computational results support the conclusion that all 
complexes feature six-coordinate Mn
III
 centers with side-on peroxo ligands. Specifically, among 





and the zero-field splitting parameters are comparable. The largest spectroscopic variation is in 
the lowest-energy d-d band, which shifts by up to 3 000 cm
-1
 depending on the steric properties 
of the supporting ligand. This is rationalized by considering that the presence of bulky 
substituents in the 6-position gives rise to canting of the pyridylmethyl (or quinolinylmethyl) 
arms, creating a slightly smaller peroxo binding pocket that leads to elongation of one 
Mn−Operoxo bond. Increasing the steric bulk in the six-position of the pyridine ring not only leads 
to the largest spectral perturbations, but also impacts the overall stability of the 









 complex exhibits a half-life of six minutes at -40 ºC, comparable to the half-lives of other 
peroxomanganese(III) complexes at 0 ºC (Table 2.2).
18
 Nonetheless, the absorption spectrum of 








, supporting our model that 
intraligand sterics affect spectral properties. In contrast, only a very minor (~300 cm
-1
) shift in 
the lowest-energy d-d band is observed when the electronic properties of the ligand are 












 ligand series. The most cogent case for the 

















 species, which differ only in the position of the pyridine substituent, yet the former 
complex shows the lowest-energy d-d transition red-shifted by ~3 000 cm
-1
. 












causes a shift from side-on to end-on peroxo binding mode.
17
 Intriguingly, the binding of these 
axial ligands did not appear to significantly alter the electronic absorption signals but did affect 
the reduction potential and reactivity with aldehydes. Our observation that electronic 
perturbations cause minimal changes in geometric and electronic structure should thus be viewed 
63 
 
in context. In the series of complexes described here, electronic perturbations occur roughly cis 
to the peroxo unit and are conservative compared to substitution of anionic ligands. Thus, for 
peroxomanganese(III) systems, electronic effects may be predominant if they occur trans to the 
peroxo ligand and/or involve anionic ligands with a range of properties. This would be similar to 
that observed for oxometal species, where substitutions trans to the oxo ligand have a more 
dramatic influence on reactivity and spectroscopic properties than cis subsitutions.
37-41
  
Our proposal that the steric properties of the supporting ligand exert an influence over 
Mn
III
−Operoxo bond lengths reinforces work from the groups of Riordan, Solomon, Brunold, and 
Nam that has elegantly shown how the interplay of steric and electronic factors contribute to the 
relative stabilities of side-on peroxometal and end-on superoxometal species in nickel and cobalt 











 forms an end-on superoxonickel(II) species upon the same 
reaction (12-TMC = 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane and TMC = 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane).
44










compounds react with H2O2 to form side-on peroxocobalt(III) complexes.
45,46
 The 
difference in reactivity between the Ni and Co species is due to the high thermodynamic driving 




, which overcomes the steric demands exerted by 
macrocyclic ligand.
46
 Thus, because of the intrinsic properties of the transition metal center, 
different metals may form distinct intermediates using the same oxidant and supporting ligand. 
This has implications for metalloenzymes that can accommodate different metal ions in their 
active sites. 
In conclusion, when considering the structures and reactivities of peroxomanganese(III) 
intermediates, whether formed in manganese enzymes or synthetic catalysts, it should be 
64 
 
recognized that the steric properties of the local coordination environment may very well exert a 
larger effect than electronic perturbations. This in turn, supports the argument of biological 
systems utilizing steric bulk of local coordination environment rather than, or in concert with, 
electronic effects in bringing about variations in M−Operoxo bond strengths to tune reactivity. 
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 Peroxomanganese(III) intermediates have been proposed for numerous manganese-







 and oxalate decarboxylase.
7,8
 Furthermore, peroxo-level intermediates have also been 





 Mechanistic details related to a majority of these 
manganese-dependent enzymes are currently unclear, warranting detailed studies on model 
systems. Small molecule model complexes have long served as useful tools in understanding the 
mechanisms of metalloenzymes,
12-18
 not only because they are less cumbersome to handle in 
laboratory, but are also often isolable in high yields. To this end, peroxomanganese(III) model 







 In addition to these enzymatic examples, furthering the 
understanding of the structure and reactivity of these Mn
III
-peroxo intermediates will broaden the 
potential for the design of high-efficiency synthetic manganese catalysts,
22,23
 which are highly 
desirable in industrial applications over precious metal catalysts that are currently in use. 
The two most prominent challenges for investigating the chemistry of 
peroxomanganese(III) complexes originate from their generally low chemical yields, and their 
impaired thermal stability.
18
  Although most chemically synthesized Mn
III
-peroxo complexes 
exhibit low to moderate yields, a recent study by Anxolabéhère-Mallart and coworkers revealed 
that electrochemically generated superoxide can produce high yielding peroxomanganese(III) 
adducts supported by pentadentate ligands.
24
 Whether or not this method can be successfully 
extended to a majority of Mn
III
-peroxo compounds has yet to be determined. Substoichiometric 
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yields of these complexes have severely limited their structural characterization, especially using 
techniques such as X-ray absorption spectroscopy. 
Despite the impaired thermal stability of peroxomanganese(III) intermediates, several 









 Apart from these, all other 
peroxomanganese(III) species have been observed under cryogenic conditions, and have been 
routinely characterized using a combination of spectroscopic and computational methods, in 
conjugation with studies of their reactivity properties.
13,14,24,32-39
  The highly unstable nature of a 
majority of these complexes has created interest in the investigation of their decay pathways, 
which could serve immensely in designing supporting ligands that may aid in enhancing their 
lifetimes. Detailed kinetic studies have revealed that the decay of η
1
-alkylperoxomanganese(III) 
complexes occur with a rate-limiting OO bond cleavage step.
19,20
 This observation is also 
supported by the products observed in their thermal decay. Intriguingly, the OO bond breaking 
step of the alkylperoxomanganese(III) intermediate of Mn-HPCD has been proposed as the 
overall rate determining step for its catechol dioxygenation mechanism.
4
  
Detailed studies on potential decay pathways for η
2
-peroxomanganese(III) complexes are 










observed to decay forming a bis(-oxo)dimanganese(III,IV) complex.14 However, when excess 




 (60% yield), the major 
decay product was found to be Mn
II





 reacts with the excess Mn
II
 precursor in solution to generate the dimeric 
bis(-oxo)dimanganese(III,IV) species. This was further supported by the formation of ~90% of 
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 mimics the activity of Mn-RNR.
10,11
 
Thus, one potential decay mechanism for Mn
III
-O2 involves trapping by unreacted Mn
II
 complex.  
In another study by Anxolabéhère-Mallart and coworkers, the reactivity of a MnII 
complex supported by L (Scheme 3.1) with excess H2O2 was studied using electronic absorption 







 complex was reacted with excess (1000 equiv.) H2O2, a blue-green 
solution resulted with prominent absorption features at 436 nm and 611 nm. This solution had a 





. However, the parallel-mode X-band EPR spectra collected for this resultant 
solution exhibited multiple features centered at g = 8.1, g = 5.1, and g = 2.0. It has been 




, and thus, the 
multiple EPR features were suggestive of a mixture of species in solution. Therefore, this 
chemistry was studied further under acidic and basic conditions. When 2 equiv. of 
trimethylamine were added to the blue-green solution, it immediately changed color to turquoise 
blue with the disappearance of the absorption feature at 436 nm. The turquoise blue solution 
exhibits only one of the previously observed EPR features at g = 8.1, which is characteristic of 
the η
2
-peroxomanganese(III) species. In addition, the mass spectrum showed a prominent ion 






-O2 complex decays over time to 
generate the corresponding bis(-oxo)dimanganese(III,IV) dimer (brown), with the intermediacy 
of the peroxo-bridged dimanganese(III,III) dimer (Scheme 3.1). The EPR features for these 
dimeric species compare well with previously reported data.
38
 In contrast, when 1 equiv. of 
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HClO4 was added into the blue-green solution, the solution color changed to green, which only 
displays the EPR features at g = 5.1, and g = 2.0. Thus, it was proposed that the initial reactivity 
between the Mn
II
 starting complex and excess H2O2 generates a mixture of species, which are in 
acid-base equilibrium. Furthermore, the addition of excess base favors the formation of the η
2
-
peroxomanganese(III) species, which decays to the bis(-oxo)dimanganese(III,IV) dimeric 







. Interestingly, the decay of this species does not generate the dimeric species, 
but EPR evidence suggested the formation of Mn
II
 in solution. Thus, it was proposed that the 
peroxo-bridged dimanganese(III,III) dimer undergoes proton-assisted OO bond cleavage in the 




 (Scheme 3.1), which prevents the formation of 
the bis(-oxo)dimanganese(III,IV) dimer. The final MnII decay product in acidic medium was 
crystallized, and was characterized by XRD as the Mn
II 
complex supported by a ligand oxidation 





-OOH species in the presence of acid, revealing the possibility of ligand oxidation. 
Accordingly, in this case, the oxidation of the weak benzylic –CH2 linker groups to carboxylate 






Scheme 3.1. The proposed formation and decay pathways of a peroxomanganese(III) species 
that provide evidence for ligand oxidation during its decay. The XRD structure shows the final 
manganese decay product, where the metal center is coordinated to two pyridine carboxylate 
molecules that resulted from ligand oxidation. 
 
 
We have previously observed that the addition of 1 equiv. of strong acid to the 









3.1), generates a new intermediate with a predominant absorption feature at 530 nm (Figure 
A2.7).
40
 This species is highly unstable, and decays rapidly within the course of a few seconds at 
-40 
ο
























 could be facilitated by oxidation of the 
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benzylic –CH2 bridging groups of the supporting ligand, that link the homopiperazine backbone 
with the pyridyl groups, or the 6-methyl substituents on the pyridine rings. The isolation and 
stabilization of Mn
III
-OOH species is of extreme interest, as very little is known about the 
structure and function of those reactive intermediates. This stands in contrast to analogous iron 
systems where the formation of fairly stable Fe
III
-OOH adducts has been observed by 




 In addition, these linker –CH2 groups could 








, given their weak C–H bond 
strengths (BDE  90 kcal/mol).  
 
 


















In light of this insight, design and synthesis of a novel ligand platform excluding the 




 ligand system (L
7
BQ) was of interest (Figure 3.1), as this could 
potentially enhance the stability of reactive intermediates. We were successful in synthesizing 
the proposed L
7























. Although its detailed spectroscopic characterization is still underway, 
74 
 






 are quite intriguing, which are described in this 








3.2. Experimental Methods 
 3.2.1. Materials and Instrumentation. All chemicals and solvents were obtained from 
commercial vendors at ACS grade or better, and were used without further purification. 
Acetonitrile, methanol, and ether were dried and degassed using a Pure Solv (2010) solvent 
purification system. Extra dry toluene (99% purity), and other dry solvents, were purchased from 
Acros Organics and degassed by four freeze-pump-thaw cycles using Schlenk techniques. All 
dried, degassed solvents were immediately taken into an argon-filled glove box, and were stored 
in tightly-sealed Schlenk glassware. Synthesis of L
7






 was carried 
out under inert conditions as described below. All 
1
H NMR spectra were collected on a Bruker 
DRZ 400 MHz spectrometer and a Bruker DPX 300 MHz spectrometer with an ONP probe. All 
1
H NMR experiments were performed at room temperature in CDCl3 ( = 7.24 ppm) unless 
stated otherwise. Mass spectrometry experiments were performed using an LCT Primers 
MicroMass electrospray time-of-flight instrument. Electronic absorption spectra were obtained 
on a Varian Cary 50 Bio spectrophotometer interfaced with a Unisoku cryostat (USP-203-A) 
capable of maintaining temperatures between 150 and 373 K. 
 3.2.2. Synthesis of L
7
BQ Ligand. 8-bromoquinoline (832.2 mg, 4.0 mmol), 
homopiperazine (300.48 mg, 3.0 mmol), and NaO
t
Bu (324 mg, 3.4 mmol) were combined in a 
Schlenk tube in dry, degassed toluene (40 mL), along with 4 mol% of Pd2(dba)3 (110.0 mg, 0.12 
mmol), and 10 mol% of BINAP (168 mg, 0.27 mmol) within an argon-filled glove box. The tube 
was sealed with an air-tight septum, and stirred at 110 
ο
C for 18 hrs. The reaction mixture was 
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then cooled to room temperature, and was diluted with excess (~100 mL) diethyl ether. This 
mixture was filtered through celite, and was evaporated to dryness under reduced pressure. The 
crude product was purified by flash chromatography over silica gel using ethyl acetate and 
hexane (1 : 20) as the eluent. The clean ligand was isolated as a yellow oil in 60% yield (420 
mg), and was characterized by 
1
H NMR and ESI-MS. 













BQ)(OTf)2] when stirred overnight in an inert 
atmosphere at room temperature. Mn
II
(OTf)2 was synthesized according to literature 
procedures.
28
 A detailed procedure for the metalation of L
7
BQ is as follows. To a stirred 
acetonitrile solution (5 mL) of L
7
BQ (100 mg, 0.282 mmol), an equimolar quantity of 
Mn
II
(OTf)2 (99 mg, 0.282 mmol) was added in the same solvent (5 mL), and was stirred 
overnight under an inert atmosphere. The mixture was then filtered using a syringe filter, and 
dried under reduced pressure. The solid product was recrystallized with MeCN and Et2O by 
vapor diffusion. Light yellow crystals suitable for X-ray diffraction analysis were obtained by 




BQ)(OTf)2] was further 
characterized by the effective magnetic moment analysis by the 
1
H NMR method of Evans
45
 in 
CD3CN at 25 
ο
C, and by ESI-MS and EPR (Figures A2.3 and A2.4). The effective magnetic 
moment at 25 
ο
C was found to be 6.3 (Diam. Corr. = 0.5) B in CD3CN, which agrees with the 
expected value (5.9 B) for a monomeric high-spin Mn
II







m/z = 558.0777 (calc. = 558.0745). The perpendicular-mode X-band EPR spectrum of a frozen 




BQ)(OTf)2], exhibits features at 230 mT and 350 mT at 5 K, 
















BQ)](OTf) was suspended with Paratone N oil on a 
MiteGen MicroMount and placed on a goniometer head in a cold nitrogen stream at 100 K for a 
single-crystal X-ray structure determination. Monochromatic X-rays were provided by a Bruker 
diffractometer equipped with Helios multilayer optics, an APEX II CCD detector and a Bruker 
MicroStar microfocus rotating anode X-ray source operating at 45 kV and 60 mA.  Intensity data 
(5238 0.5°-wide ω- or φ-scan frames with counting times of 2-3 seconds each) were collected 
with the Bruker program SMART
46
 and diffracted intensities were measured with the Bruker 
program SAINT.
47
 The space group
48
 and crystallographic data are summarized in Table A2.1. 
The Bruker software package SHELXTL was used to solve the structure and locate all 
nonhydrogen atoms with “direct methods” techniques. Hydrogen atoms were located from a 
difference Fourier and included in the structural model as independent isotropic atoms whose 
parameters were allowed to vary in least-squares refinement cycles. All stages of weighted full-
matrix least-squares refinement were conducted using Fo
2 
data with the SHELXTL Version 
2010.3-0 software package.
49
 The final structural model incorporated anisotropic thermal 
parameters for all non-hydrogen atoms and isotropic thermal parameters for all hydrogen atoms. 


















BQ)(OTf)2] with 5 equiv. of H2O2 and 1.5 equiv. of Et3N at -40 
ο
C. Characteristic 







, where two bands rapidly grew in at 450 nm and 660 nm. These features 
compare well with the electronic spectroscopic signatures of other closely related 
peroxomanganese(III) complexes.
13,32,33















} m/z = 















 were prepared at -40 
ο
C in acetonitrile following cryogenic 
techniques, and were analyzed at 5 K. 






















 reacted immediately, forming new absorption features at 500 nm and 900 
nm. This new product is highly unstable under the given conditions, and decayed rapidly as 
observed by electronic absorption spectroscopy.  













reacted rapidly when 0.5 equiv. of acetyl chloride was introduced in MeCN at -40 
ο
C. New 
absorption features grew in at 460 nm, 670 nm, and 800 nm. Although mass spectrometric 
analysis to determine the identity of this new species was not conclusive, EPR analysis provided 
useful insights. EPR samples of this new intermediate were prepared at -40 
ο
C in acetonitrile, 
using cryogenic techniques. Warming up to room temperature caused the rapid decay of this new 
intermediate.  






 with Iodosobenzene. Treating a 2.5 mM 




BQ)(OTf)2] with 2.5 equiv. of iodosobenzene (PhIO), generates a 




) centered at 485 nm. This 






3.3. Results and Analysis 
 3.3.1. Design and synthesis of L
7
BQ ligand. Given the potential ligand oxidative decay 








 series of peroxomanganese(III) complexes, the L
7
BQ 
ligand was designed in order to support new intermediates with higher thermal stability. The 
synthesis of this ligand would involve the coupling of two quinolinyl moieties with each 
secondary amine functionality of homopiperazine. Coupling of secondary amines with aryl 
halides can be attained via Pd-catalyzed Buchwald-Hartwig cross-coupling reactions.
50,51
 In this 





BQ = 1,4-di(quinolin-8-yl)-1,4-diazepane; Scheme 3.2). 
Although Buchwald-Hartwig cross-coupling reactions that involve two nucleophilic centers are 
less common, we were successful in optimizing the reaction conditions for the synthesis of L
7
BQ 
ligand in moderate yields (~60%). 
1
H NMR data (400 MHz) for L
7
BQ (CDCl3, δ) = 8.86 (dd, J = 
4.1, 1.9 Hz, 2H), 8.09 (dd, J = 8.3, 1.9 Hz, 2H), 7.40 (t, J = 7.8 Hz, 2H), 7.35 (dd, J = 8.2, 4.1 
Hz, 2H), 7.31 (dd, J = 8.2, 1.3 Hz, 2H), 7.21 (dd, J = 7.6, 1.4 Hz, 2H), 4.09 (s, 4H), 3.96 – 3.76 




} m/z = 355.1902 (calc. = 355.1923). 
For 
1
H NMR and ESI-MS spectra, see Figures A2.1 and A2.2, respectively. 
 
 















BQ)(OTf)2] contains a six-coordinate manganese center in a pseudo-octahedral 





summarized in Table 3.1. In this structure, the L
7
BQ ligand is coordinated in a tetradentate 
fashion occupying the equatorial plane (N1–N4), with the Mn
II
 ion showing no displacement 





revealing clear deviations from idealized octahedral symmetry. The axial sites are occupied by 
the two triflate ions with an O11MnO21 bond angle of 155.06
ο
. The MnN distances vary 
between 2.2 – 2.3 Å and MnO distances are ~2.2 Å (Table 3.1), which are typical for high-spin 
Mn
II
 centers (Figure 3.2).
13,32,52
 An acetonitrile solvent molecule is also present in the 
asymmetric unit (not shown in Figure 3.2), which does not interact with the metal center (MnN 


















ORTEP diagram shows 50% thermal probability. Hydrogen atoms and the non-coordinating 
solvent molecule have been removed for clarity. Significant interatomic distances and angles are 











Atom pair Distance (Å) Angle Value (
ο
) 
MnN1 2.1846(14) O11MnO21 155.05(5) 
MnN2 2.3011(15) N1MnN2 76.73(5) 
MnN3 2.2841(14) N2MnN3 71.47(5) 
MnN4 2.2109(14) N3MnN4 75.84(5) 
MnO11 2.1869(12) N4MnN1 137.04(5) 
MnO21 2.2152(13) N1MnO11 85.22(5) 
 









BQ)(OTf)2] with 5 equiv. H2O2 and 1.5 equiv. of Et3N in acetonitrile, gives rise to a 
new intermediate species at -40 
ο
C. This new complex displays two prominent absorption 








; Figure 3.3 (left)), 
which are strikingly similar to those of other structurally similar η
2
-peroxomanganese(III) 
complexes that are prepared under similar reaction conditions.
13,32,33
 This new species is only 
stable for ~5 min at -40 
ο
C in acetonitrile, and decays rapidly as the solution temperature is 
elevated. Furthermore, when higher equivalents of the base were used for the formation of this 
intermediate, it was observed to decay even more rapidly. The mass spectrum of this solution 







 (calc. = 441.1123 m/z). When H2
18
O2 was used to generate this intermediate, 
the corresponding ion peak shifted to 445.1156 m/z, providing further evidence for the presence 
of a peroxo ligand derived from H2O2. It should be noted that these peaks corresponding to 
Mn
III
-O2 intermediates are of low intensity in their mass spectrometric data collected at room 
temperature. This is anticipated, given the impaired thermal stability of this species at 
temperatures higher than -40 
ο







 shows no features at 5 K, which is typical of Mn
III
 compounds with large 
zero-field splitting.
53









collected at 5 K (the green trace in Figure 3.3 (right)), reveals a low-intensity derivative shaped 
signal at 350 mT, with a multi-line hyperfine pattern which is indicative of dimeric manganese 






. However, this 




BQ)(OTf)2] (compare with the 




BQ)(OTf)2] is consumed 













BQ)(OTf)2] (solid red trace) 
upon the addition of 5 equiv. H2O2 and 1.5 equiv. Et3N in acetonitrile at -40 
ο
C. Inset: Time 
evolution of absorption features at 450 nm and 660 nm. Right: Perpendicular mode X-band EPR 











(solid green trace) collected at 5 K. 
 






 severely limits its further 
characterization, its formation in different solvents with lower freezing points (acetone, 
methanol, butyronitrile, ethanol, dichloromethane, tetrahydrofuran, and 2-methyltetrahydrofuran) 






 could not be generated in any of these 









 formation has prevented its solid state characterization or 







 is not feasible, due to the poor glassing capabilities of acetonitrile. We have 
previously shown that MCD spectroscopy can provide useful insights into understanding the 
geometric and electronic structures of peroxomanganese(III) species.
13,31,32
 Furthermore, unlike 
























strictly limited to the conditions described here (vide supra). Future work will involve studies 
using solvent mixtures with different compositions (for example, acetonitrile/ toluene mixtures), 













 exhibits intriguing reactivity patterns with acids and acid halides (vide infra), 
which are unprecedented for non-porphyrinoid η
2
-peroxomanganese(III) complexes.  












 reacts rapidly 
with 0.5 equiv. of HClO4 in acetonitrile at -40 
ο
C giving rise to new absorption features centered 








; Figure 3.4). This new species (1) is 
highly unstable under these conditions (t1/2 = ~5 min) at -40 
ο
C, which has prevented its detailed 
characterization to date. However, the absorption signatures of 1 are highly reminiscent of those 
of monomeric Mn
IV





-peroxomanganese(III) complexes supported by non-porphyrin based ligands to 
generate high-valent oxidants are very rare,
18






















 by the protonation of the peroxo 
ligand (Scheme 3.3).
39,41









 species. Even though a single example of spectroscopically 
characterized Mn
III
-OOH species has been reported,
41
 there is only indirect evidence for its 
conversion to high-valent oxidants. Thus, this chemistry is of high significance, not only in 
understanding the interaction of peroxomanganese(III) complexes with strong acids, but also in 
gaining insight into the structure and reactivity of Mn
III
-OOH intermediates. Furthermore, the 
reactivity properties of 1 with organic substrates, and the product distribution of those reactions 
will also provide useful information that will aid in elucidating its identity. The decay product 
(blue trace in Figure 3.4) of 1 resembles 2 (vide infra), the identity of which is proposed as a 
monooxo-bridged dimanganese(III,IV) species based on the present data. The yield of 2 in this 






 and acetyl chloride 






 to 1 is 
not high-yielding, or that 1 decays via multiple pathways. The optimization of the generation of 













green trace) reacts with 0.5 equiv. HClO4 to generate 1 (solid pink trace) in acetonitrile at -40 
ο
C, 
and its decay under the same conditions. Inset: Time evolution of the absorption signals at 505 






















 with Acetyl Chloride (CH3COCl). η
2
-
peroxomanganese(III) complexes supported by electron-rich porphyrin ligands have exhibited 
reactivity with benzoyl chloride to generate the corresponding η
1
-acylperoxomanganese(III) 











 with 0.5 equiv. of acetyl chloride generates a new 
85 
 
species (2) in acetonitrile at -40 
ο













; Figure 3.5 (left)). These 
absorption features are comparable to those of bis(-oxo)dimanganese(III,IV) species as 




 The perpendicular mode X-band EPR spectrum of 2 
displays a 16-line signal at 350 mT at 5 K, which is also characteristic of bis(-
oxo)dimanganese(III,IV) complexes (Figure 3.5 (right)).
14






with acetyl chloride could also involve an acylperoxomanganese(III) intermediate, but such 
intermediates have not been observed for non-porphyrinoid complexes to date. In fact, non-
porphyrinoid peroxomanganese(III) complexes that react with acid chlorides to generate a single 
product in high yields are uncommon. Although the mechanistic details of this reactivity are still 






 reacts with acetyl chloride to generate the 
corresponding acetylperoxomanganese(III) species as seen in the porphyrin systems (Scheme 
3.4). This intermediate could then undergo heterolytic OO bond cleavage to generate the 
Mn
V




BQ)(OTf)2] to result in formation 
of the spectroscopically observable dimanganese(III,IV) species. Thus, our proposal suggests 
that 2 is a monooxo-bridged dimanganese(III,IV) species, which are also known to result in 16-
line EPR features.
62
 The decay of 2 is slow, exhibiting a half-life of ~50 min in acetonitrile at -40 
ο
C. Future work will focus on obtaining solid state characterization of 2, and further structural 
investigations using techniques such as X-ray absorption spectroscopy. Furthermore, reactivity 
studies with organic substrates will also aid in understanding the structural and reactivity 










 (solid green 
trace) with 0.5 equiv. of acetyl chloride in acetonitrile at -40 
ο
C. Right: X-band EPR spectrum of 










 is reacted 
with 0.5 equiv. of acetyl chloride at -40 
ο














 with Iodosobenzene (PhIO). The reactivity with 
PhIO is of interest as it is a commonly used two-electron oxidant that also behaves as an oxo- 
atom transferring agent. Accordingly, it has been frequently used in the generation of monomeric 
M
IV
=O complexes from their M
II
 precursors where M = Mn or Fe.
52,54,63
 Addition of 2.5 equiv. 






 generates a new species (3), with an 




; Figure 3.6). 3 is highly stable under 
ambient conditions. Unfortunately, further characterization of 3 by techniques such as EPR, XAS 
and ESI-MS has proved unsuccessful to date. The EPR spectrum of 3 does not exhibit any 
prominent features that are comparable to other known Mn spectra, which could suggest that 3 is 
predominantly Mn
III
, which is often EPR silent. ESI-MS data of 3 is not clean, making the results 






, 3 can be generated in multiple solvents 
(acetonitrile, 2,2,2-trifluoroethanol, dichloromethane, and methanol), which should facilitate its 
characterization by techniques such as X-ray diffraction and MCD spectroscopy. Furthermore, 
the reactivity properties of 3 have yet to be investigated. Such studies should provide additional 















3.4. Discussion and Outlook 
 Peroxomanganese(III) adducts have been proposed as key intermediates for a number of 
enzymatic conversions as well as some synthetic catalytic pathways involving manganese 
centers.
1-6,22,23,64
 Compared to analogous iron systems, mechanistic knowledge of manganese-
dependent biological processes is still rather limited. Furthermore, due to numerous challenges 
involved in enzymatic studies, small molecule model complexes of such systems have been 
widely used to understand the properties of these pathways.
12-18
 The most common type of 
peroxomanganese(III) complexes reported in the literature is η
2
-peroxomanganese(III) 
complexes with a side-on peroxo ligand bound to a manganese(III) center.
13,14,24-39
  Although less 
common, η
1
-alkylperoxomanganese(III) and trans--1,2-peroxo-bridged dimanganese(III,III) 
dimeric species have also been structurally characterized.
19,20,65
 The common limitations in the 
characterization and reactivity studies of these intermediates often stem from their low chemical 
yields and impaired thermal stability. To this end, this work has focused on the design and 
89 
 
synthesis of a more oxidatively robust ligand to support reactive intermediates, which could 
presumably enhance the lifetime of peroxomanganese(III) complexes. In addition, due to the 
highly tolerant nature of the supporting ligand, these complexes are expected to display unique, 
unprecedented reactivities with the formation of more stable reactive intermediates. 
 Although most peroxomanganese(III) species reported in current literature are unstable 
under ambient conditions, detailed studies on the decay pathways of these intermediates are rare. 
η
1
-alkylperoxomanganese(III) complexes have been observed to decay with a rate-limiting 
homolytic OO bond cleavage process.
19,20
 In contrast, a detailed spectroscopic study of the 
decay of an η
2
-peroxomanganese(III) complex supported by a pentadentate ligand
39
 provided 













 platform, the L
7




BQ ligand was synthesized in moderate yields (60 %) using a Pd-catalyzed cross 
coupling reaction between homopiperazine and 8-bromoquinoline (Scheme 3.2). The Mn
II
 




BQ)(OTf)2], was synthesized by metalation of the L
7
BQ ligand 
using standard procedures, and has been characterized by X-ray diffraction methods.  





produced a new intermediate in acetonitrile solution at -40 
ο














 does not exhibit enhanced thermal stability as 
anticipated. Furthermore, the highly limited solvent, temperature and oxidant variability in its 
generation have severely limited its further characterization. However, its formation in mixed 
solvent systems that are known to produce good quality glass upon freezing (such as MeCN/ 
90 
 
toluene mixtures) has yet to be studied. In addition, electrochemically generated superoxide may 






 in high yields, paving the way for other characteristic 







intriguing reactivity patterns (as summarized in Scheme 3.5), most of which are unprecedented 
for non-porphyrinoid peroxomanganese(III) complexes. 
 
 





















 reacts with 0.5 equiv. of HClO4 to generate the novel intermediate 1 
at -40 
ο





 This observation is of great interest, as activation of non-porphyrinoid 
peroxomanganese(III) complexes to generate high-valent oxidants is unprecedented in current 






, we propose the protonation of the peroxo ligand 






, which then undergoes homolytic OO 






 species (Scheme 3.3). In support 











 complex using 3 equiv. of 
HClO4 (TMC = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane).
41
 Optimization of the 
reaction conditions for this observed chemistry is an important subject of future investigations. 
Specifically, analyzing the yield of 1 as a function of the number of equivalents of acid will 
provide important insights into the mechanistic details of the reaction involved. Furthermore, if 1 
is a high-valent Mn
IV
=O species, it is expected to oxidize substrates such as DHA and/or PPh3.
52
 
DHA is known to react with Mn
IV
=O species to form anthracene by a PCET pathway, while 







 with acid in the presence of such substrates, and analysis of the final reaction 
mixtures by GC-MS for the presence of the expected organic products, will provide important 
insights into the identity of 1. Furthermore, given the observed rapid decay of 1 under current 
conditions, investigation of its formation and decay in d3-MeCN would produce useful 
information regarding the involvement of the solvent during its decay. Finally, perpendicular-














 with acid inside the EPR tube would presumably facilitate its isolation in 







 reacts with acetyl chloride in acetonitrile solution at -40 
ο
C to generate 2, of which, the absorption features and EPR spectrum are consistent with a  
dimanganese(III,IV) species.
14,59-61,66
 The peroxomanganese(III) adduct supported by 
tetramesitylporphyrin (TMP) has been previously observed to react with benzoyl chloride to 
generate the corresponding acylperoxomanganese(III) species, which undergoes OO bond 















 provides the only example of a non-porphyrinoid peroxomanganese(III) 
complex that displays any reactivity with acid chlorides. As suggested for 1, generating 2 in the 
presence of organic substrates will also provide evidence of the proposed mechanism involved in 
this reaction pathway (vide supra). If a high-valent Mn
V
O species is involved in the mechanism 
as suggested, it can be expected to react rapidly with substrates such as DHA and PPh3. 
Furthermore, H2
18
O2-labeling experiments will also provide important insights into the 
mechanism, where cryogenic mass spectrometric analysis will aid in detecting the label 
distribution in thermally unstable intermediates. In addition, due to the reasonable half-life (t1/2 = 
~50 min) of 2 at -40 
ο
C, its solid state analysis should be feasible by XRD. It should be noted 
that the generation of 2 in solvent other than MeCN has not been attempted, which could reveal 
other solvent systems where crystal growth can be carried out at much lower temperatures than -
40 
ο
C. Finally, since the solution composition of 2 appears to be clean by EPR, its X-ray 
absorption spectroscopic analysis could also provide useful insights into its structural identity. 




BQ)(OTf)2] with oxidants other than H2O2 is yet to be 
investigated in detail. However, current results of its reactivity with 2.5 equiv. of PhIO in 
acetonitrile at 25 
ο
C show formation of a new species, 3, with an intense absorption feature at 
485 nm. 3 has not been fully characterized yet, but its formation from Mn
II 
and PhIO is 









 Potential solid state and spectroscopic characterization, 
in combination with reactivity studies would provide detailed insight into the properties of 3.  
 In conclusion, this work describes the design and synthesis of a new ligand system and its 
Mn
II
 metal complex, that may act as an oxidatively robust system in minimizing the ligand 









, shows a unique reactivity profile which can 
potentially serve in furthering the current understanding of the chemistry of 
peroxomanganese(III) intermediates (Scheme 3.5). Future work will focus on optimizing 
reaction conditions in order to enhance the yields and stabilities of the observed intermediates, 
enabling their detailed structural and spectroscopic characterization, as well as reactivity 
investigations. Furthermore, modifying the steric and electronic properties of the L
7
BQ 
supporting ligand may facilitate the fine-tuning of the metal center properties that dictate the 
stabilities of these transient intermediates.  
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Saturation Kinetics in Phenolic OH Bond Oxidation by a Mononuclear 
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Manganese-dependent enzymes play diverse biological roles, ranging from the generation 
of deoxynucleotides in pathogenic bacteria,
1
 to the water splitting reaction of plants, algea, and 
cyanobacteria.
2
 Hydroxo-manganese adducts have been proposed to play critical roles in the 







 studies have provided strong support for a 
mononuclear hydroxomanganese(III), Mn
III
-OH, adduct in the oxidized state of manganese-
superoxide dismutase (MnSOD). This enzyme catalyzes the disproportionation of superoxide to 





-OH unit of oxidized MnSOD is involved in a hydrogen-bonding network 
with a nearby glutamine residue that plays a controlling role in the functionally important redox-
tuning mechanism of the enzyme.
10-12
 
There is also evidence for hydroxo-manganese species in the active sites of Mn-
lipoxygenase
13
 and the OEC.
14,15
 These enzymes respectively catalyze the dioxygenation of 
polyunsaturated fatty acids
5,6
 and water splitting.
2
 For both Mn-lipoxygenase and the OEC, 
hydroxo-manganese species have been proposed to participate in proton-coupled electron-
transfer (PCET) reactions.
16, 17
 Support for a concerted proton-electron transfer (CPET) reaction 
in Mn-lipoxygenase comes from the fact that the conversion of -linoleic acid to its 
hydroperoxy-derivative proceeds with a temperature-independent
18
 kinetic isotope effect (KIE; 
kH / kD) of 20 - 24.
6
 For the OEC, the proposition that a hydroxo-manganese species participates 
in catalytically relevant PCET is more tenuous, as there is substantial debate regarding the 
mechanistic details of this system.
2,19-23
 Nonetheless, the abstraction of a hydrogen-atom from a 
hydroxo- or aqua-manganese moiety by a nearby tyrosyl radical, YzO·, has been proposed as one 
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of several possible mechanisms for stepwise oxidation of the tetramanganese cluster during 
turnover.
24-26 
Terminal water ligands and bridging hydroxide ligands in dimanganese(III,III), 
dimanganese(III,IV) and dimanganese(IV,IV) model complexes have OH bond dissociation 
enthalpies (BDEs) of 77 - 92 kcal/mol,
27-29
 a range which is thermodynamically compatible with 
the transfer of hydrogen atoms to YzO· (the OH BDE of tyrosine is 86 kcal/mol).
30
 
Although synthetic inorganic chemistry has provided numerous examples of multinuclear 
manganese complexes with bridging hydroxides,
27,29,31-38
 mononuclear manganese complexes 
with terminal hydroxide ligands are comparatively less common. Indeed, to the best of our 





 In these structures, the MnOH distances range from 1.81 to 1.86 Å, with the 
longer distances observed for complexes where the hydroxo ligand is involved in hydrogen-
bonding.
40,41
 In fact, inter- or intra-molecular hydrogen-bonding is observed in many of the 
solid-state structures.
39-41,46
 In several structurally-characterized complexes, the hydroxo ligand 
is sterically shielded by the supporting ligand,
40,44,45
 which presumably disfavors formation of 
hydroxo-bridged, multinuclear complexes. Notably, several mononuclear Mn
III
-OH complexes 
were generated by treatment of the corresponding manganese(II) species with dioxygen.
44-47
 
While the number of known synthetic Mn
III
-OH complexes is small, the number of such 
species that participate in PCET reactions is even smaller. To the best of our knowledge, the only 
reported example of CH bond oxidation by a synthetic Mn
III





 complex of Stack and co-workers (Figure 4.1, left; PY5 = 2,6-bis(bis(2-
pyridyl)methoxymethane)pyridine).
39
 This complex is capable of oxidizing hydrocarbon 


















Kovacs and co-workers recently reported a Mn
III
-OH adduct supported by the 
monoanionic N4S ligand S
Me2
N4(tren) (Figure 4.1, right), which is capable of OH bond 
oxidation of TEMPOH (TEMPOH = 2,2'-6,6'-tetramethylpiperidine-1-ol)).
46
 TEMPOH is an 
ideal substrate for investigating CPET reactivity because it has a relatively weak OH bond (in 
MeCN, BDE = 70.6 kcal/mol; bond dissociation free energy, BDFE, = 66.5 kcal/mol), and, when 
occurring separately, both its deprotonation and one-electron oxidation are quite unfavorable 
thermodynamically (pKa = 41 and E
ο




 Thus, TEMPOH 
oxidation proceeds by a CPET mechanism unless it is reacting with an exceptionally strong base 






 complex quantitatively converted 






 at 25 ºC in MeCN.
46
 
A TEMPOH/TEMPOD KIE of 3.1 was observed, consistent with the expected CPET 






 complex was formed by hydrolysis of 






, which itself was generated through O2 





















, this Mn system 












the previously reported monoanionic N5 ligand dpaq
49-51
 (dpaq = 2-[bis(pyridin-2-
ylmethyl)]amino-N-quinolin-8-yl-acetamidate). This complex is generated by treatment of the 
corresponding [Mn
II
(dpaq)](OTf)2 species with dioxygen in MeCN at room temperature and is 





 is capable of oxidizing TEMPOH by a CPET mechanism. The oxidation of 
the hydrocarbon xanthene (BDFE = 73.3 kcal/mol in diemthysulfoxide) is also observed. In 
addition, this complex can oxidize phenolic substrates with BDFEs (in MeCN) up to 78.5 





 but not in TEMPOH oxidation. A plausible explanation for these unusual 
results and the relevance of this work within the broader context of transition-metal-mediated 
CPET reactions is discussed. 
 
4.2. Materials and Methods 
All procedures, including the generation of [Mn
II
(dpaq)](OTf) and organic substrates, as 
well as kinetic experiments, were carried out under an argon atmosphere, unless otherwise stated. 
Acetonitrile, methanol and ether were degassed and dried using a Pure Solv Micro (2010) 
solvent purification system. These solvents were degassed in air-tight solvent reservoirs (4 L), by 
bubbling Ar gas through the solvent for 20 min at room temperature. Acetonitrile and ether were 
dried using air-tight amlumina columns, and methanol was dried using a drierite column. 
Anhydrous dichloromethane was purchased from Acros Organics (99.9% purity), and was 
degassed by four freeze-pump-thaw cycles using Schlenk techniques. All solvents were taken 
into an argon filled glovebox immediately after dispensing from the solvent purification system 
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or following the freeze-pump-thaw cycles, and were stored in tightly-sealed Schlenk glassware. 
The purity of O2 gas used was >99% and was further purified using by passage through a drierite 
and 5 Å molecular sieves prior to use. TEMPOH, TEMPOD and 2,4,6-tri-t-butylphenol-d (
4-t-
butyl
ArOD) were prepared according to literature procedures,
52,53
 and >99% deuteration of 
TEMPOD and 
4-t-butyl
ArOD was confirmed by 
1
H NMR experiments. 




(dpaq)](OTf) was generated in high 
yield (>90%) by reacting the H-dpaq ligand with Mn
II
(OTf)2 in the presence of NaO
t
Bu in 
MeOH under an inert atmosphere. The Mn
II
(OTf)2 salt was generated using a previously reported 
method.
54
 The detailed metallation procedure is as follows. To a stirred solution of 100 mg (0.26 
mmol) of H-dpaq in 2 ml of MeOH was added 92 mg (0.26 mmol) of Mn
II
(OTf)2 in 2 ml of 
MeOH, followed by 25 mg (0.26 mmol) of NaO
t
Bu in 2 ml of MeOH under an inert atmosphere. 
The orange colored resultant solution was stirred overnight and then the solvent was evaporated 
to dryness under vacuum. The solid product was recrystallized using MeOH/ Et2O to yield 
orange colored crystals of [Mn
II
(dpaq)](OTf). Crystals for X-ray diffraction analysis were 
obtained by subsequent recrystallization of the final solid product in the MeOH/ Et2O solvent 
system. [Mn
II
(dpaq)](OTf) was further characterized by ESI-MS and effective magnetic moment 
analysis by the 
1
H NMR method of Evans
55





} m/z = 437.0994 (calc. 437.1048). The effective magnetic moment (μeff) was 
found to be 6.3 (Diam. Corr. = 1.0) B, which compares well with the expected value (μeff = 5.9 
B) for mononuclear high-spin Mn
II
 centers. Elemental analysis [Mn
II
(dpaq)](OTf): 
C24H20F3MnN5O4S calc. (%): C 49.15, H 3.44, N 11.94; found (%): C 48.96, H 3.51, N 11.79. 
4.2.2. X-ray diffraction data collection and analysis for [Mn
II
(dpaq)](OTf). All X-ray 
diffraction experiments were performed on a Bruker Proteum Single Crystal Diffraction System 
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equipped with Helios multilayer optics, an APEX II CCD detector, and a Bruker MicroSTAR 
microfocus rotating anode x-ray source operating at 45 kV and 60 mA. The Bruker software 
package SHELXTL was used to solve the structures using “direct methods” techniques. All 
stages of weighted full-matrix least-squares refinement were conducted using Fo
2 
data with the 
SHELXTL Version 2010.3-0 software package.
56
 
Yellow single crystals of the triflate salt for the cationic polymer, [Mn(C23H19N5O)
+
]n 




with a = 28.6094(9) Å, b =  
9.2197(3) Å, c = 28.5260(9) Å, β = 100.550(1), V = 7397.1(4) Å
3
 and Z =  4 
([Mn(C23H19N5O)]3[CF3SO3]3) formula units {dcalcd = 1.577 g/cm
3
; a(CuK) = 5.729 mm
-1
}. A 
full set of unique diffracted intensities [5241 frames with counting times of 2 to 4 seconds and an 
- or -scan width of 0.50] was measured
58
 for a single-domain specimen using 
monochromated CuK radiation ( = 1.54178 Å).   Lattice constants were determined with the 
Bruker SAINT software package using peak centers for 9466 reflections. A total of 30828 
integrated reflection intensities having 2(CuK) < 139.58 were produced using the Bruker 
program SAINT;
59
 9683 of these were unique and gave Rint = 0.037. The data were corrected 
empirically for variable absorption effects using equivalent reflections; the relative transmission 
factors ranged from 0.836 to 1.000. 
The final structural model incorporated anisotropic thermal parameters for all 
nonhydrogen atoms and isotropic thermal parameters for all hydrogen atoms. Hydrogen atoms 





and CH bond lengths of 0.95 – 0.99 Å) with isotropic thermal parameters fixed at values 1.20 
times the equivalent isotropic thermal parameter of the carbon atom to which they are 
covalently  bonded.   
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) + (0.0563 P)
2




] / 3. Final agreement factors 
at convergence for [Mn(C23H19N5O)
+
]n are: R1(unweighted, based on F) = 0.037 for 9583 
independent absorption-corrected “observed” reflections having 2(CuK) < 139.58 and I > 
2(I);  R1(unweighted, based on F) = 0.037 and wR2(weighted, based on F
2
) = 0.096 for all 
9683 independent absorption-corrected reflections having 2(CuK) < 139.58. The largest 
shift/s.u. was 0.001 in the final refinement cycle. The final difference map had maxima and 




, respectively.  




(OH)(dpaq)](OTf) was formed by 
reacting a 2.5 mM [Mn
II
(dpaq)](OTf) solution in MeCN with excess O2 gas at room temperature. 
The formation of [Mn
III
(OH)(dpaq)](OTf) was monitored by electronic absorption spectroscopy, 
as the Mn
III
 complex has characteristic features at 550 and 780 nm. A representative formation 
reaction is as follows. A 2.5 mM [Mn
II
(dpaq)](OTf) solution (2.9 mg in 2ml of MeCN) was 
prepared under an inert atmosphere and transferred to a gas-tight cuvette sealed with a pierceable 
septum. An excess of O2 gas was then delivered to the solution by means of a syringe, and the 
formation of [Mn
III
(OH)(dpaq)](OTf) was monitored by electronic absorption spectroscopy. The 
formation was complete in ~40 min and the resulting dark gold solution was evaporated to 
dryness under reduced pressure. The solid residue was then recrystallized using MeCN/ Et2O. 
(3.1 mg/ 98% yield). Synthesis of [Mn
III
(OH)(dpaq)](OTf) on a larger scale was undertaken to 
obtain suitable material for X-ray crystallographic and kinetic experiments. In this procedure, O2 
gas was passed through an acetonitrile solution (20 mg in 5 ml) of [Mn
II
(dpaq)](OTf), and the 
completion of the formation of [Mn
III
(OH)(dpaq)](OTf) was confirmed by ESI-MS and 
electronic absorption spectroscopy. The resulting solution was evaporated to dryness under 
104 
 
reduced pressure, and the solid residue was recrystallized using MeCN/ Et2O. Dark gold 
[Mn
III
(OH)(dpaq)](OTf) crystals of X-ray crystallographic quality were obtained by repetitive 
recrystallization, and were further characterized by ESI-MS and effective magnetic moment (μeff) 
analysis by the 
1





} m/z = 454.1056 (calc. 454.1076). μeff found was 4.9 μB (at 298 K for 5 
mM solution in CD3CN; Diam. Corr. = 0.4) which compares well with the calculated value of 
4.9 μB for a monomeric high-spin d
4
 system. This value is also in close comparison with 
previously reported solution magnetic susceptibility values for mononuclear 













 Cyclic voltammetric studies of [Mn
III
(OH)(dpaq)](OTf) were 
conducted under an argon atmosphere in acetonitrile (12.89 mg in 10 ml) at 298 K. A 0.1 M 
acetonitrile solution of Bu4N(PF6) was used as the supporting electrolyte, and a glassy carbon 
working electrode, a platinum auxiliary electrode, and a AgCl/Ag reference electrode were used. 
Elemental analysis [Mn
III
(OH)(dpaq)](OTf): C24H21F3MnN5O5S calc. (%): C 47.77, H 3.51, N 
11.61; found (%): C 47.26, H 3.65, N 11.62. 
4.2.4. X-ray diffraction data collection and analysis for [Mn
III
(OH)(dpaq)](OTf). 
Dark gold single crystals of the CH3CN solvated salt, [Mn(OH)(C23H20N5O)][CF3SO3], are, at 




 with a =  
9.2406(3) Å, b = 24.7263(8) Å, c = 12.2658(4) Å, β = 97.257(1), V = 2780.1(2) Å
3
 and Z =  4 
formula units {dcalcd = 1.540 g/cm
3
; a(CuK) = 5.176 mm
-1
}. A full set of unique diffracted 
intensities [5226 frames with counting times of 1 to 3 seconds and an - or -scan width of 
0.50] was measured
58 
for a single-domain specimen using monochromated CuK radiation ( = 
1.54178 Å). Lattice constants were determined with the Bruker SAINT software package using 
105 
 
peak centers for 9628 reflections. A total of 25663 integrated reflection intensities having 
2(CuK)< 139.63 were produced using the Bruker program SAINT;
59
 5017 of these were 
unique and gave Rint = 0.039. The data were corrected empirically for variable absorption effects 
using equivalent reflections; the relative transmission factors ranged from 0.689 to 1.000.  
The triflate anion is 85/15 disordered between two closely spaced sites in the 
asymmetric unit. This disorder produces a slightly elongated anisotropic thermal ellipsoid for 
oxygen O(11) in the major-occupancy triflate anion. The bond lengths and angles for the 
minor-occupancy (15%) triflate were restrained to have values similar to those of the major-
occupancy anion. The final structural model incorporated anisotropic thermal parameters for 
all nonhydrogen atoms of the metal cation, major-occupancy triflate anion and the CH3CN 
solvent molecule. The nonhydrogen atoms for the minor-occupancy triflate anion were 
incorporated with isotropic thermal parameters.  The hydrogen atoms were located from a 
difference Fourier and included in the structural model as individual isotropic atoms.  The 
positional and thermal parameters for hydrogen atoms and the minor-occupancy triflate were 
allowed to vary in least-squares refinement cycles.     





) + (0.0291 P)
2




] / 3.  Final agreement factors at 
convergence are: R1(unweighted, based on F) = 0.031 for 4941 independent absorption-
corrected “observed” reflections having 2(CuK) <  139.63 and I > 2(I);  R1(unweighted, 
based on F) = 0.031 and wR2(weighted, based on F
2
) = 0.079 for all 5017 independent 
absorption-corrected reflections having 2(CuK) < 139.63.  The largest shift/s.u. was 0.001 





, respectively.   
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4.2.5. Kinetic studies of [Mn
III
(OH)(dpaq)](OTf) with substituted phenols. For each 




 (1.6 mg, 2.5x10
-3
 mmol) solution was 
prepared in acetonitrile (2 ml) within an argon-filled glovebox, transferred to a gas-tight cuvette 
sealed with a pierceable septum. A solution of the phenolic substrate was prepared in 
dichloromethane (300 μL) and sealed in a 4 mL glass vial with a pierceable septum. Then, the 




 solution was inserted into a temperature-controlled 
cryostat (Unisoku), held at 50 C, coupled to an Agilent 8453 UV/Visible spectrophotometer. 
Upon achieving thermal equilibrium (10 min), data collection was started, and 100 μL of the 
substrate solution was injected into the cuvette using a gas-tight syringe.  Data collection times 
ranged from 3000 to 6000 s.  An aliquot of the final reaction mixture was analyzed by 
perpendicular-mode X-band electron paramagnetic resonance (EPR) spectroscopy at 5 K and 




 and a phenoxyl radical (Figure A3.2). The rates of 





 was monitored at 800 nm) in order to prevent any 
interference by side reactions at longer time scales. These initial rates (in absorbance units / time) 
were converted into s
-1




) and initial 




. For reactions involving the 2,4,6-tri-tert-
butylphenol, the kinetic data were collected to five half-lives and fit directly to obtain a pseudo-
first-order rate constant. In these cases, the directly obtained pseudo-first-order rate constants 
were identical, within error, to those obtained using the initial rate method.  
4.2.6. Kinetic studies of [Mn
III
(OH)(dpaq)](OTf) with TEMPOH. Similar to the 




 (1.6 mg, 2.5x10
-3
 mmol) 
solution was prepared in acetonitrile (2 ml) within an argon-filled glovebox, and was sealed in a 
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gas-tight cuvette with a pierceable septum. The TEMPOH solution was prepared in acetonitrile 
(100 μL) and sealed in a 300 μL glass vial with a pierceable septum. Data collection was started, 




 solution using a gas-tight 
syringe.  Data collection times ranged from 200 to 4000 s. A final reaction mixture analyzed by 
perpendicular-mode X-band EPR spectroscopy at 5 K revealed characteristic features consistent 
with the presence of the TEMPO radical (Figure A3.2). Kinetic experiments at variable 
temperatures (-15 to 45 ºC) were performed following the same procedure as described, allowing 
the cuvette to achieve thermal equilibrium (10 min) in the cryostat, prior to the addition of the 
substrate. 
4.2.7. Kinetic studies of [Mn
III
(OH)(dpaq)](OTf) with xanthene. For each experiment, 




 (1.6 mg, 2.5x10
-3
 mmol) solution was prepared in acetonitrile (2 
ml) within an argon-filled glovebox. This solution was transferred to a gas-tight cuvette and 
sealed with a pierceable septum. The xanthene solution was prepared in dichloromethane (200 





 solution was inserted into a temperature-controlled cryostat held at 50 C. 
Upon achieving thermal equilibrium, data collection was started, and 100 μL of the xanthene 
solution was injected into the cuvette using a gas-tight syringe.  Data collection was carried out 
up to ~900 min.  The rates of the reactions were calculated by applying initial rate approximation 
in order to exclude any interference by secondary reactions.  
4.2.8. Catalytic oxidation of TEMPOH with [Mn
III





 (initial concentration = 0.031 mM) and TEMPOH (initial 
concentration = 125 mM) were measured into a 20 ml glass vial within an argon-filled glovebox 
and dissolved in acetonitrile (2 ml). This solution was sealed in a gas-tight cuvette with a 
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pierceable septum, and the electronic absorption spectrum was collected under ambient 
conditions. Then, an excess of dry dioxygen gas was bubbled through the solution, while 
electronic absorption spectra were collected every ~15 min. The solvent level of the reaction 
mixture was closely monitored confirming a negligible solvent evaporation during oxygenation.   
 
4.3. Results and Analysis 
4.3.1. Structural properties of [Mn
II
(dpaq)](OTf). The X-ray diffraction structure of 
[Mn
II
(dpaq)](OTf) shows three [Mn
II
(dpaq)](OTf) molecules in the smallest asymmetric unit. 
Although these three molecules do show slight differences in bond lengths and angles, each 
consists of a Mn
II
 center in a highly distorted octahedral geometry (Figure 4.2), with two 
pyridine ligands (N4, N5), the quinoline ligand (N1) and the tertiary amine (N3) in the equatorial 
plane, and the amide nitrogen (N2) occupying an axial position. The other axial site is occupied 
by the amide oxygen atom (O1) of a second [Mn
II
(dpaq)](OTf) molecule, forming an overall 





cations in the asymmetric unit (cation B); corresponding metric parameters for the other cations 
can be found in Table A3.3. For the three cations, the angle between the axial ligands 
(O1MnN2) is ~165 - 170° and the angles between the equatorial ligands vary from ~75° to 
~105°, indicating large deviations from idealized octahedral geometry. Three triflate ions are 
also present in the crystal structure but do not interact with the Mn
II
 centers (MnO distances of 
~6.4 Å). All Mn
II
ligand distances are in the range of 2.1 to 2.3 Å, which is typical for a high-
spin Mn
II
 center.  Notably, the C10O1 distance of the amide ranges from 1.265(4) to 1.271(4) 
Å, which is typical of a C=O double bond. Thus, the MnO1 interaction is likely weak, and 
presumably the polymeric structure observed in the crystal structure reverts to separate 
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monomeric entities in solution. Overall, the structure of [Mn
II
(dpaq)](OTf) compares well with 
that of a recently reported [Mn(dpaq)(NO)](ClO4) complex, although the latter species showed 
shorter manganese-ligand bond lengths.
49
 The shorter bond lengths in [Mn(dpaq)(NO)](ClO4) 
are expected given the formulation of that complex as a low-spin Mn
II
 center 










Figure 4.2. ORTEP (left) and space filling (right) diagrams showing two cations (B and C) in the 
asymmetric unit of the X-ray structure of [Mn
II
(dpaq)](OTf). ORTEP diagram shows 50% 
probability thermal ellipsoids. Hydrogen atoms and noncoordinating triflate counteranions have 
been removed for clarity. Significant interatomic distances and angles are listed in Tables 4.1 and 
3.S3. 
 













MnO1A 2.079(2) O1AMnN2B 164.88(10) 
MnN2B 2.191(3) N4BMnN5B 147.89(11) 
MnN1B 2.214(3) N1BMnN3B 151.40(10) 
MnN3B 2.314(3) N4BMnN2B 94.97(10) 
MnN4B 2.244(3) N1BMnN2B 74.46(10) 




MnO2 1.806(13) O2MnN2 177.94(6) 
MnN2 1.975(14) N4MnN5 152.53(5) 
MnN1 2.072(14) N1MnN3 161.83(6) 














 cations in the asymmetric unit. 
Corresponding metric parameters for the other two cations are in Table A3.3. 
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4.3.2. Formation of [Mn
III
(OH)(dpaq)](OTf). The absorption spectrum of 
[Mn
II





treated with excess O2 gas at 25 ºC, the light orange colored [Mn
II
(dpaq)](OTf) solution rapidly 









) (Figure 4.3; the extinction coefficients were obtained using 
recrystallized [Mn
III
(OH)(dpaq)](OTf)). Formation of these new electronic absorption features is 
consistent with the oxidation of Mn
II
 upon reacting with O2. Electronic absorption spectral 
signatures for other hydroxomanganese(III) species vary in terms of their energies,
43,45,46
 
although the closely related [Mn
III
(OH)(PaPy2Q)]ClO4 complex (where PaPy2Q is the amide-
containing N5 ligand N,N-bis(2-pyridylmethyl)-amine-N-ethyl-2-quinoline-2-carboxamide) has 




 The prominent 
absorption signatures for [Mn
III









) nm. These similarities between the electronic absorption 





(OH)(dpaq)](OTf) (vide infra). The final product 
[Mn
III
(OH)(dpaq)](OTf) was isolated in an essentially quantitative yield of greater than 98%. 
The half-life (t1/2) of [Mn
III
(OH)(dpaq)](OTf) was estimated by monitoring the electronic 





 decreased by ~10% after 6 days. Assuming a constant decay rate, the half-
life of [Mn
III



























 (solid blue trace) upon the 
addition of excess O2 at 25 ºC in MeCN under argon.  Inset: Time evolution of absorption signals 
at 550 and 780 nm. 
 
4.3.3. Properties of [Mn
III
(OH)(dpaq)](OTf). The X-ray structure of 
[Mn
III
(OH)(dpaq)](OTf) contains a six-coordinate Mn
III
 center with a distorted octahedral 
geometry (Figure 4.4). Coordination of the dpaq ligand is the same as in [Mn
II
(dpaq)](OTf), with 
the exception that all MnN bonds, other than MnN4, are shorter in [Mn
III
(OH)(dpaq)](OTf) by 
0.062 to 0.202 Å (Table 4.1). The hydroxide group in [Mn
III
(OH)(dpaq)](OTf) is trans to the 





 reveals that the hydrogen atom of the hydroxo ligand is involved in a 





molecule (O•••O and H•••O separations of 2.7308(18) and 1.95(3) Å, respectively). A free 
triflate ion and an acetonitrile molecule are observed within the asymmetric unit, but these are 
not associated with the metal center (MnO and MnN distances of ~6.2 and ~4.8 Å for triflate 





Figure 4.4. ORTEP (left) and space filling (right) diagrams of [Mn
III
(OH)(dpaq)](OTf). ORTEP 
diagram shows 50% probability thermal ellipsoids. Hydrogen atoms and noncoordinating triflate 
counteranion have been removed for clarity. Significant interatomic distances and angles are 
listed in Table 4.1. 
 
 
There have been several X-ray structures of mononuclear Mn
III
-OH complexes, and these 
have revealed MnO(H) distances within the range of 1.81 Å – 1.86 Å.
39-46
 The longest distance 
of 1.86 Å is unusual, and represents hydrogen-bonding interactions with an ordered cluster of 






 complex has a MnO(H) distance 
of 1.806(13) Å, which is at the lower end of the range of previously reported distances for this 
class of compounds. The O2MnN2 axis, which includes the hydroxide oxygen and amide 
nitrogen ligands, represents the compressed pseudo-Jahn-Teller axis. The observation of an 




 is not 
unusual. Four of the eight known X-ray structures of Mn
III
-OH adducts show second-sphere 
hydrogen-bonding interactions in the solid-state structures.
39-41,46
 
Cyclic voltammetric analysis of [Mn
III
(OH)(dpaq)](OTf) in acetonitrile revealed a 
partially reversible wave with an E1/2 of -0.60 V vs Fc
+
/Fc  at a scan rate of 100 mV s
-1
 (Ep = 




 couple. This potential value is 















 reduction potentials for 







 (Figure 4.1, left) exhibited a quasi-reversible reduction wave at E1/2 = +0.17 
V vs Fc
+












 is anticipated given the difference in overall charge of the two complexes. 





 couple at -1.51 V vs Fc
+
/Fc (Ep = 380 mV).
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 (Me2EBC = 4,11-dimethyl-1,4,8,11-
tetraazabicyclo[6.6.2]hexadecane), for which E1/2 = -1.33 V vs Fc
+
/Fc (reported as -0.689 V vs 
SHE; Ep = 132 mV). This deviation is presumably due to the preferential stabilization of Mn
III
 
within the cavity of the macrocyclic supporting ligand.
45
 














 with 100 equiv. TEMPOH under an argon atmosphere in 





 (Figure 4.5). The final electronic absorption spectrum appears essentially 




 in MeCN, showing a very weak band at 510 nm. Using the 




 (vide supra), the Mn
II
 
complex forms in 99% yield. The perpendicular-mode X-band EPR spectrum of the final 
reaction mixture at 5 K shows characteristic EPR features of the TEMPO radical centered at g = 
2.04 (Figure A3.2A).
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 to generate TEMPO and [Mn
II
(OH2)(dpaq)] quantitatively; i.e., the PCET 
























 upon the addition of 
100 equiv. TEMPOH at 25 ºC in MeCN under argon.  Inset: Decay of the 550 nm absorption 
signal.  
 





 and 10 to 250 equiv. TEMPOH (pseudo-first-order 




 followed pseudo-first-order behavior to 
at least 5 half-lives (Figure 4.5, inset). The pseudo-first-order rate constants increase linearly as a 







 at 25 ºC. Using deuterated TEMPOD, a kinetic isotope effect (KIE) of 1.8 was 
observed (Figure 4.6). The KIE value, although small, suggests that cleavage of the 
TEMPOH/D bond occurs in the rate-determining step. Similar KIE values of less than 2.0 have 
been observed for OH bond oxidation by other transition metal species in cases where rate-
determining OH/D bond cleavage has been proposed.
62
 Given the exceptionally high pKa of 
TEMPOH in MeCN (41),
48
 the KIE is supportive of the expected CPET mechanism for this 




 rules out a rapid 












9.9(9) kcal/mol and -35(3) cal/mol K, respectively (Figure 4.7). Thus, at 25 ºC, the entropic 
contribution to the free energy of activation (TS
≠


















Figure 4.6. Pseudo-first order rate constants, kobs (s
-1
) versus TEMPOH and TEMPOD 














Figure 4.7. Eyring plot showing ln(k/T) versus 1/T (K
-1





 with TEMPOH from -15 to 45 ºC (258 to 318 K).  
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 with xanthene. The addition of 250 equiv. of 




 at 50 ºC led to the slow decay of the 
electronic absorption signals of the Mn
III
-OH complex (Figure A3.4). Over the course of 15 









 itself shows essentially no self-decay in the absence of xanthene 









 with xanthene using the method of initial rates. 








 also reacted 
with 2,4,6-tri-t-butylphenol (
4-t-butyl
ArOH), which has an OH bond nearly 11 kcal/mol stronger 







ArOH by electronic absorption spectroscopy showed 




 complex is concomitant with the formation of the 
corresponding phenoxyl radical, 
4-t-butyl




 in MeCN at 
25ºC; see Figure 4.8).
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, and the final products of 
4-t-butyl
ArOH oxidation provides 




 and the phenoxyl radical following the phenol 
oxidation reaction (Figure A3.2B). The 80% yield of the phenoxyl radical was observed 






ArOH ratio (Table A3.4). It is possible that 
the 80% yield is observed because the radical participates in side reactions that prevent its full 







ArOH (Figure 4.8) is difficult to reconcile with the disappearance 
of 20% of the radical product during the timecourse of this reaction. The substoichiometric 
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 For that system, the phenoxyl radical was formed after most of the 
Mn
III
-OH complex was consumed, indicating a reaction between the metal complex and the 
phenoxyl radical. In this present work, the rate of formation of the radical is the same as the rate 




; thus, we assume that no reaction occurs between the 
Mn
III
 complex and the phenoxyl radical. An alternative explanation for the 80% yield of the 













ArO· does not lie very far to the right. This can 




























 upon the addition of 
100 equiv. 2,4,6-tri-t-butylphenol (
4-t-butyl
ArOH) at 50 ºC in MeCN under argon.  Inset: Time 







 was treated with excess 
4-t-butyl





 and formation of 
4-t-butyl
ArO· follow pseudo-first-order kinetics to at 
least 3 half-lives. Between 10 and 50 equiv. of added 
4-t-butyl
ArOH, the pseudo-first-order rate 
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constants (kobs) show a nearly linear increase with respect to 
4-t-butyl
ArOH concentration. 
However, above 50 equiv. 
4-t-butyl
ArOH, saturation behavior was observed (Figure 4.9), indicating 
the formation of an intermediate prior to the rate-determining step (Scheme 4.1). Accordingly, 
the relationship between kobs and the concentration of 
4-t-butyl
ArOH was fit using the following 
equation: kobs = k1Keq[
4-t-butyl
ArOH] / 1 + Keq[
4-t-butyl
ArOH], where k1 is the rate constant (in units 
of s
-1
) for the rate-determining step and Keq is the equilibrium constant describing the formation 






ArOH (Scheme 4.1). This analysis 



















































ArOH forms an intermediate, which converts to products 









 and Phenols at 50 ºC in MeCN, and Substrate BDFEOH, pKa, and Reduction 
Potential Values.  










ArOH >700 1.8(1)  10
-3
 73.9(1) 28 -0.806 
4-Me
ArOH 18(1) 1.5(1)  10
-3 76(1) 27 -0.755 
4-t-butyl
ArOH 20(2) 1.2(1)  10
-3




15(2) 8.9(1)  10
-4
    
4-H
ArOH 8(1) 9.4(1)  10
-4
 78.5(1) 27 -0.619 
a
 kcal/mol; from Warren et al. (ref. 
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 Potential for PhO·/PhO
-





A similar analysis was performed for data collected using the deuterated phenol 
4-t-
butyl
ArOD (Figure 4.9). The Keq value for the reaction using 
4-t-butyl
ArOD is quite similar to that 
observed for 
4-t-butyl
ArOH (Table 4.2). Considering the standard deviations for the Keq values, 





substrates afford a KIE of 1.4. 





 with phenolic substrates in general, we explored the reactivity of this 





ArOH), and 2,6-di-t-butylphenol (
4-H
ArOH). This series 
encompasses a reasonable range of phenol OH BDFEs (74 – 78.5 kcal/mol) and pKa values (23 










 was consumed. This 
implies that the thermodynamic limit for the oxidative capability of this Mn
III
-OH adduct is 
around 80 kcal/mol. 










ArOH all showed 
saturation behavior, with the pseudo-first-order rate constants leveling at higher phenol 
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concentration (Figures 3.S5). Equilibrium and rate constants determined from fits to these data 
sets are collected in Table 4.2. In the case of 
4-MeO
ArOH, the observed rate was saturated even 
when using 10 equiv. of phenol (Figure A3.5, top right). Thus, only an estimate of the lower 
limit for Keq (700) could be obtained for this substrate. 





shows a linear dependence of the rate-determining step (k1) as a function of BDFE of the 







ArOH, provides strong evidence that the rate-determining step in 
these reactions is a CPET between the phenol and the Mn
III
OH unit. Thus, the pre-equilibrium 
step shown in Scheme 4.1 potentially involves the formation of a hydrogen-bonded reactant 














Figure 4.10. Evans-Polanyi plot of oxidation rate (k1) of phenolic substrates versus the BDFE of 
the substrate.  
 







ArOH (Scheme 4.1), 400 equiv. of the phenol were added 




 at 50 ºC. Under these conditions, the intermediate 
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species should initially be dominant in solution. Electronic absorption spectra collected 0.5 - 1.5 
seconds after the addition of 
4-t-butyl





 (Figure A3.6). Specifically, the observed absorption maxima are not 
shifted upon 
4-t-butyl
ArOH addition, and the absorption intensity at 550 nm rises by only 12%. The 
observed increase in intensity is wavelength dependent and, thus, is potentially due to light 
scattering, which increases as a function of the fourth power of the light frequency. Under the 




 should be 




, the similarities between the electronic absorption 
spectra before and after the addition of the 
4-t-butyl
ArOH suggest that the intermediate does not 







4.3.7. Catalytic oxidation of TEMPOH with [Mn
II
(dpaq)](OTf) and O2. In the 
presence of a large excess of TEMPOH (4000 equiv.), [Mn
II
(dpaq)](OTf) catalytically converted 
TEMPOH into TEMPO in continuously oxygenated MeCN solution at 25 ºC. The catalytic 
process was followed over the course of 200 minutes by electronic absorption spectroscopy, 
monitoring the characteristic features of TEMPO and [Mn
II
(dpaq)](OTf) (Figure A3.7B). The 
direct oxidation of TEMPOH in the absence of the catalyst was investigated as a control (Figure 
A3.7A). Although oxidation of TEMPOH to TEMPO is observed in the control reactions, 
approximately 40% higher conversions are observed in the presence of [Mn
II
(dpaq)](OTf). 
Importantly, separate control experiments using catalytic amounts of Mn
II
(OTf)2 gave results 
within error of the control experiments lacking any Mn
II
 species. Thus, the increase in turnover 
numbers is attributed to catalytic activity of the [Mn
II
(dpaq)](OTf) complex.  Correcting for the 
background oxidation of TEMPOH in the control reactions, a maximum of 1050 turnovers were 
observed using [Mn
II




Synthetic complexes with mononuclear hydroxomanganese(III) motifs are relatively 
rare,
39-46,66-69
 as the hydroxo ligand is prone to bridge manganese centers.
27,29,31-38
 Of the known 
mononuclear Mn
III











 (Figure 4.1), have been reported to perform substrate oxidation 
reactions,
39,46
 and both these reactions proceed by a CPET process. Given these limited 
examples, relatively little is known concerning the factors affecting the CPET, or, more broadly, 
PCET, reactions of mononuclear hydroxomanganese(III) species. This is in spite of several 
biological examples where Mn
III
-OH units are involved in important oxidation/ reduction 
reactions,
2,4,6,19
 and stands in clear contrast to the abundance of studies focused on the PCET 
reactions of high-valent Mn-oxo and Mn-hydroxo species.
70,71
 As noted by Mayer and co-















, which is remarkably stable (t1/2  26 days at 25 ºC in MeCN) and is formed 
in essentially quantitative yields from reaction of [Mn
II
(dpaq)](OTf) with O2. Because of the 




 couple, reactivity with O2 is less common for 
manganese(II) centers when compared to iron(II) analogous.
73
















 represents the only other example of the quantative formation of a Mn
III
-
OH adduct from a Mn
II
 center and O2.
46
 In that case, a mono-oxo bridged dimanganese(III,III) 
complex served as an intermediate. Other examples of mononuclear Mn
III
-OH adducts generated 
by O2 oxidation of a Mn
II













 species, where L is one of two trianionic tripodal ligands with a second-sphere 
cavity shielding the bound hydroxo ligand.
40,44
 For one of the latter complexes, mechanistic 
studies provided evidence that the Mn
III
-OH complex resulted from the initial formation of a 







=O adducts convert to the observed Mn
III
-OH 
species by a PCET reaction with solvent. More recently, Kovacs and co-workers have reported 
the first example of a peroxo-bridged-dimanganese(III,III) species, lending credence to this 
mechanism.
74
 Investigations of the reaction of O2 with the [Mn
II
(dpaq)](OTf) complex in MeCN 
using electronic absorption spectroscopy at low temperatures (-40 ºC) provide no evidence for 




. In addition, attempts to detect 
transient Mn
IV
=O species have led to only negative results. For example, when the oxygenation 
of [Mn
II
(dpaq)](OTf) is carried out in the presence of 10 equiv. PPh3, the formation of O=PPh3 is 




 is unchanged. Nonetheless, the pathway for 




 is currently under investigation utilizing different 





 is capable of oxidizing substrates with OH BDFEs less than 79 
kcal/mol. Saturation behavior was observed in oxidation reactions with phenolic substrates. This 
is only the second report of a mononuclear Mn
III
-OH adduct that is capable of performing a 
CPET reaction with phenols, and a relatively rare example of a Mn oxidant that shows saturation 
behavior in reaction with substrates.
75,76
 Catalytic oxidation of organic substrates using O2 as 




, which is observed to 
perform over 1050 turnovers of TEMPOH in 3 hrs under the conditions employed. This turnover 











 although the catalytic activity for that system was not 
optimized.   





PCET reactions can occur via a sequential pathway (i.e., initial proton transfer followed by 











 complexes (Figure 4.1), 
perform CH and/or OH bond oxidations by a CPET process, where the proton and electron are 
transferred in a single kinetic step.
39,46







 (H3buea = tris[(N'-tert-butylureaylato)-N-ethyl]aminato), featuring a 
trianionic supporting ligand with a second-sphere hydrogen-bonding cavity around the oxo, 
performs CH bond oxidation of dihydroanthracene through a sequential mechanism, with rate-
limiting proton transfer prior to electron transfer.
66
 This sequential pathway is favored for the 
Mn
III
-oxo because of its high basicity (the pKa of the corresponding Mn
III
-hydroxo is 28.3 in 
DMSO
66






ArOH in dimethylacetamide 
solvent resulted in a proton transfer reaction; oxidation of 
4-t-butyl
ArOH was not observed.
60
 




 with phenols could 
imply a sequential mechanism, as the kinetic behavior indicates an initial equilibration to an 




 and the phenoxyl 
radical. In principle, there are several pathways consistent with saturation behavior, as outlined 
in Scheme 4.2. Pathway C, involving initial electron-transfer, can be excluded on the basis of the 
unfavorability of oxidizing the ArOH substrates in the absence of their deprotonation, as well as 


























 with phenols. 
 
There are several lines of evidence that the equilibrium step does not involve an initial 
proton transfer but potentially involves the formation of a hydrogen-bonded complex (pathways 
B and A, respectively; Scheme 4.2). First, there is no correlation between the observed Keq 
values and the pKa values of the phenols (Table 4.2). A correlation would be expected if the 






 Second, the 
electronic absorption spectrum of the intermediate, obtained within 0.5 seconds of adding a large 
excess of 
4-t-butyl














 species is not known, it is reasonable to assume that the change from 





(potentially causing a re-orientation of the pseudo-Jahn-Teller axis
78
), resulting in noticeable 
shifts of the d-d transition energies. The minor changes observed experimentally are more 
consistent with a hydrogen-bonding interaction.
79
 Third, the KIE of 1.4 for the rate-determining 






ArOH suggests that phenol OH bond 
breaking be part of this step. Finally, k1 is related to the BDFE values of the phenol OH bonds, 
which is a hallmark of a CPET process. Given the above considerations, we conclude that the 
initial equilibrium step features the formation of a precursor complex, likely stabilized by 
hydrogen-bonding interactions, and that the rate-determining step is a CPET. 
When CPET reactions are considered within the framework of Marcus theory, a 
precursor (or encounter) complex is expected to form prior to rate-determining proton-electron 
transfer.
80
 While rare, precursor complexes have been observed for other CPET processes, and 
these are often,
75,81,82
 but not always,
76
 mediated by hydrogen-bonding interactions with an OH 
group on the substrate. For example, a Mn
IV
-hydroxo adduct supported by a bulky salen 
derivative also showed saturation behavior in reactions with substituted phenols.
75,76
 For the 
reaction with 
4-H
ArOH, in particular, a Keq of approximately 5000 was determined, and this 
equilibrium was attributed to the formation of a hydrogen-bonded complex. No initial 
equilibrium was observed in the reaction of the corresponding Mn
IV
-oxo adduct with 
phenols.
75,76
 In addition, Costas and co-workers observed the formation of a precursor complex 
in the reaction of hydrocarbons with an oxohydroxomanganese(IV) moeity supported by a 
neutral N4 ligand, but the forces stabilizing the precursor complex remain unclear.
76
 Saturation 
behavior was not observed in analogous reactions with the corresponding 
di(hydroxo)manganese(IV) complex. Taken together, these prior studies demonstrate that subtle 
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changes in properties of the metal-based oxidant can dramatically affect whether or not the 
formation of a precursor complex is observed.  





 with phenols, but not with TEMPOH, which likewise contains an 
OH unit capable of hydrogen bonding. Indeed, TEMPOH has been shown to form a hydrogen-












 with phenols reflect small stabilizations in terms of free energy (-4.2 to -1.3 
kcal/mol), seemingly minor differences in the hydrogen-bond donating (or accepting) ability of 
the phenol versus TEMOPH substrates, and/ or changes in solvent reorganization energies upon 
precursor complex formation, could lead to a precursor complex being less favorable in the case 
of TEMPOH substrate. Taken together, this and other work highlights our nascent understanding 
of the optimal conditions that must be achieved to observe formation of a precursor complex, and 
the impacts of precursor complexes on the overall CPET process.
75,76,81,82
 
4.4.2. CPET reactivity of mononuclear Mn
III





 is only the third hydroxomanganese(III) complex known to 











 (Figure 4.1, right) react with TEMPOH at 25 ºC in MeCN, a direct 







 is a more rapid oxidant,
46
 showing a second-order rate constant for 
TEMPOH oxidation 10
4











 is a consequence of a smaller enthalpy and entropy of 









mark an associative process; the substantially more negative S
≠





 implies a more ordered transition state.  The smaller H
≠







 is tentatively attributed to an increased nucleophilicity caused by the 
electron-donating thiolate ligand. A similar effect has been observed in CPET reactions of a 
thiolate-ligated oxoiron(IV) complex.
83
 Also of relevance in comparing TEMPOH reactivity 
with metal-hydroxo adducts is a recent study of the hydroxoiron(III) complex Fe
III
(OH)(TMP), 
which features a tetramesitylporphyrin supporting ligand.
72
 In that case, a second-order rate 




 was observed for the oxidation of TEMPOH at 25 ºC in toluene (Table 
4.3). 
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(OH)(TMP) react with TEMPOH 




, neither of those complexes is able to oxidize 
substrates with larger BDFEs. For example, Fe
III
(OH)(TMP) showed no reaction with 
4-t-
butyl
ArOH over a period of 24 hours,
72







was unaffected by the presence of a large excess of 1,4-cyclohexadience, dihydroanthracene, or 
toluene.
46




 reacts with phenols with OH BDFEs up to 79 





 reacts with a large excess (250 equiv.) of xanthene with 




 at 50 ºC in MeCN, which is an order of 
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 the only other Mn
III
-OH complex 
known to oxidize CH bonds. 




 with phenols, the rate of reaction is only weakly 
dependent on the phenol OH BDFE (Figure 4.10). In particular, the observed slope of the log(k) 
versus BDFE correlation is only -0.07, which is significantly lower than the expected Marcus 
theory value of -0.5 for a reaction with a small thermodynamic driving force.
80
 However, this 
slope should be viewed within the caveat that the linear-free energy relationship is only for a 








and are commonly interpreted as implying a symmetric transition state structure. Notably, a 





 (slope = -0.1), and this was attributed to unusually large 
reorganizational energies of the oxidant (S
≠







 This interpretation would be consistent with 








It is tempting to speculate on whether the low dependence of the reaction rate on the 
substrate BDFE is a general feature of CPET reactions by manganese(III) centers that could be 
related to relatively large entropies of activation. This of course would have implications for the 
suitability of such oxidants in synthetic and biological oxidation reactions and/ or bear relevance 
to the mechanisms by which protein active sites tune the geometric and electronic structure to 









 with phenols and hydrocarbons, 
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respectively, provide the only examples of linear-free energy relationships for CPET by 
manganese(III) centers. It is, therefore, ill-advised to draw far-reaching conclusions from this 
limited data set. Nonetheless, this work reveals complexities in identifying the geometric and 
electronic factors that contribute to the kinetic and thermodynamic behavior of PCET reactions 
and illustrates the importance of extending detailed studies of such reactions to mid- and even 
low-valent transition metal oxidants. 
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Manganese-dependent enzymes that mediate proton coupled electron transfer (PCET) 
reactions perform vital processes in humans and numerous other organisms.
1
 PCET reactivity 
within the tetranuclear manganese active site of the oxygen evolving complex (OEC) of 
photosystem II represents a classic example. This active-site cluster consists of a Mn3CaO4 
cubane with a dangler Mn atom linked to the cubane through bridging ligands.
2
 In a more recent 
structure, a portion of the cluster is capped with four terminal water ligands.
2
 During the 
oxidation of the OEC from its least oxidized S0 state to the most oxidized S4 state, coordinated 
water molecules within the cluster have been proposed to be deprotonated as a part of sequential 
PCET processes, producing reducing equivalents. 
2-6
 In light of this proposal, as well as 
numerous other biological examples of metal-mediated PCET,
7,8
 model complexes that can 




In general, PCET reactions can be categorized as concerted or sequential, based on 
whether the proton and electron are being transferred in a single step or multiple steps, 
respectively.
18
 Single-step processes where the proton and electron share the same orbital/bond 






) transfer (HAT) 
reactions. This is a common reaction in organic chemistry, and has been the subject of numerous 
detailed studies over the past century.
13
 On the other hand, when transition metal complexes are 
involved, most often the proton and electron are transferred to separate entities (i.e. a ligand and 
the metal), and no longer share the same bond. These metal-mediated PCET reactions can also 
occur either in a single (concerted proton-electron transfer; CPET) or multiple (proton transfer 
followed by electron transfer or vice versa; PT/ET or ET/PT) kinetic steps.
19
 Synthetic transition 
136 
 
metal complexes that can facilitate PCET reactions are of great interest not only because they 
mimic metalloenzyme reactions, but also because PCET is central to many industrial processes.
1
 
Recently, more work has been focused on developing PCET mediators using greener, less 
expensive metals, such as high-valent and mid-valent manganese and iron complexes.
20-29





; M = Mn or Fe) oxidants, typically containing terminal oxo ligands, 
have been the subject of a large number of studies, as these exhibit efficient reactivity with 
stronger, unactivated CH or OH bonds.
20-24
 In contrast, only several examples of mid-valent 
metal (M
III
) oxidants have been reported to-date,
25-29
 although these compounds exhibit unique 
reactivity patterns that can be used to gain detailed understanding into the fundamental 
thermodynamic and kinetic parameters that govern PCET reactions. Among the mid-valent 
oxidants reported, M
III
OR (M = Mn or Fe; R = H, CH3, Ph) species are the most common. In 




O(H)R is generated as the final metal based product 
(Scheme 5.1).  
 
Scheme 5.1. PCET reactivity of a mid-valent oxidant (M
III
OR) with an H

 donor substrate 
(RH, where R is C or O). 
 
The principal thermodynamic parameters controlling PCET reactivity are the reduction 
potential of the oxidized metal center (E
ο





 The relationship between these values and the free energy change of 




 1.37pKa  C).
10,30
 
This relationship can, in principle, be applied to the design of better oxidants as both the 
reduction potential and pKa parameters are tunable by the ligand framework. E
ο
 can be controlled 
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through the electronic properties of the supporting and OR ligands and the pKa results from a 
combination of supporting ligand effects and intrinsic properties of the M
II
O(H)R group. In this 
regard, variation of the R group of mid-valent MOR oxidants has the potential to tune PCET 
reactivity by a means unavailable for high-valent M=O species.  However, given the limited 
examples of mid-valent MOR oxidants with different R groups,
25,27,28
 it is difficult to elaborate 
broadly on how ligand properties affect the thermodynamic and kinetic properties of the oxidant, 
and how these can be modified to design better PCET mediators. 
 
 
Figure 5.1. Representative Structures for PCET Mediating M
III























Current examples of PCET-mediating M
III
OR complexes with multiple R groups are 


























 complexes of Stack and 
Goldsmith (M = Mn and Fe; PY5 = 2,6-bis(bis(2-pyridyl)methoxymethane)pyridine) (Figure 
5.1).
26-28
 The change in thermodynamic properties as a function of the OR group can be clearly 
seen in the experimental E
ο






 series (Figure 5.1; R = H, 












 complex, with the most 
electron-withdrawing OPh
p-NO
2  ligand, displayed the highest E
ο









,  with one of the most electron-donating OR  ligands, 
showed the lowest E
ο
 and highest pKa.
25
 Thus, in this series, E
ο
 and pKa display an inverse 













showed the ability to oxidize the weak OH bond of TEMPOH, with similar second-order rate 












, respectively. The other two Mn
III
OR species 
with the most electron-withdrawing OR ligands were inert toward TEMPOH. Therefore, it was 















 did not have a sufficiently large E
ο
 to 
overcome the substantially small pKa to provide the requisite driving force for PCET.
25





 complexes of Stack and Goldsmith (Figure 5.1), interesting trends are evident 




 was found to be the 














 is reacted with 






 complex reacts with TEMPOH and 
with phenolic substrates with OH bond free energies up to 78.5 kcal/mol, and represents the 
only example of a monomeric Mn
III
OMe species that can activate phenolic OH bonds. In 




 complex (Figure 5.1),
29
 




 does not show saturation behavior at high phenol 
concentrations, suggesting the absence of an accumulating intermediate. However, mechanistic 




 activates substrate OH bonds by a CPET process. In 




 and other mid-valent Mn oxidants, a detailed 
discussion of thermodynamic and kinetic parameters dictating the feasibility of PCET is 
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presented, and we discuss characteristic differences in the oxidative reactivity of mid-valent 
versus high-valent oxidants.  
 
5.2. Experimental 
All procedures, including the generation of organic substrates and kinetic experiments, 
were carried out under an argon atmosphere, unless otherwise stated. Acetonitrile, methanol and 
ether were degassed and dried using a Pure Solv Micro (2010) solvent purification system. These 
solvents were degassed in air-tight solvent reservoirs (4 L) by bubbling Ar gas through the 
solvent for 20 min at room temperature. Acetonitrile and ether were dried using air-tight alumina 
columns, and methanol was dried using a drierite column. Anhydrous dichloromethane was 
purchased from Acros Organics (99.9% purity) and was degassed by four freeze-pump-thaw 
cycles using Schlenk techniques. All solvents were taken into an argon-filled glovebox 
immediately after dispensing from the solvent purification system, or following the freeze-pump-
thaw cycles, and were stored in tightly-sealed Schlenk glassware. The purity of O2 gas used was 
>99% and was further purified by passage through drierite and 5 Å molecular sieves prior to use. 
The amide-containing N5 ligand H-dpaq, [Mn
II
(dpaq)](OTf), and  [Mn
III
(OH)(dpaq)](OTf) were 
synthesized according to previously reported methods.
29,31
 TEMPOH and TEMPOD were also 
prepared according to literature procedures,
9,32
 and >99% deuteration of TEMPOD was 
confirmed by 
1
H NMR experiments. All phenols, with >99% purity, were purchased from 
commercial sources. 







(OMe)(dpaq)](OTf) was generated by reacting a 2.5 mM [Mn
II
(dpaq)](OTf) 





(OMe)(dpaq)](OTf) was monitored by electronic absorption spectroscopy, as it has 
characteristic features at 510 and 760 nm. These features show no significant shifts in terms of 
their energies when compared to [Mn
III
(OH)(dpaq)](OTf) but are more defined for 
[Mn
III
(OMe)(dpaq)](OTf) in methanol. In addition, a solvent-dependent broadening of the 
absorption features of [Mn
III
(OMe)(dpaq)](OTf) was observed for spectra collected in MeCN. A 
representative formation reaction is as follows. A 2.5 mM [Mn
II
(dpaq)](OTf) solution (2.9 mg in 
2 mL of MeOH) was prepared under an inert atmosphere and transferred to a gas-tight cuvette 
sealed with a pierceable septum. An excess of O2 gas was then delivered to the solution by 
means of a syringe, and the formation of [Mn
III
(OMe)(dpaq)](OTf) was monitored by electronic 
absorption spectroscopy. The formation was complete in ~4000 min and the resulting dark red 
solution was evaporated to dryness under reduced pressure. The solid residue was then 
recrystallized using MeOH/ Et2O (3.0 mg/ 98% yield). [Mn
III
(OMe)(dpaq)](OTf) was further 




} m/z = 
468.1219 (calc. 468.1232; Figure A4.1). The solution phase magnetic susceptibly found was 5.5 
μB
 
(at 25 C in CD3CN; Diam. Corr. = 0.8), which is comparable well with the expected μeff = 




 Cyclic voltammetry of [Mn
III
(OMe)(dpaq)](OTf) 
was recorded in MeCN (12.4 mg in 10 mL) at 25 C under an argon atmosphere. A 0.1 M 
Bu4N(PF6) solution was used as the supporting electrolyte along with a glassy carbon working 
electrode, platinum auxiliary electrode and a AgCl/Ag reference electrode. Elemental analysis 
[Mn
III
(OMe)(dpaq)](OTf) • 0.3 H2O : C25H23.6F3MnN5O5.3S calc. (%): C 48.21, H 3.82, N 11.24; 
found (%): C 47.78, H 3.38, N 11.25.  




(OH)(dpaq)](OTf). A 2.5 
mM solution of [Mn
III





 and the solvent was removed under reduced pressure. The solid residue was stirred 
in MeOH for 10 min. The final solution color was deep red. The electronic absorption spectrum 
and ESI-MS of this solution are identical to that of [Mn
III
(OMe)(dpaq)](OTf). This solution was 
then evaporated to dryness under reduced pressure and recrystallized using MeOH/ Et2O. The 
final product was isolated as a solid in excellent yield (>98%). The resulting 
[Mn
III
(OMe)(dpaq)](OTf) complex is quantitatively converted back to [Mn
III
(OH)(dpaq)](OTf) 
(>98%) when dissolved in H2O, as observed by ESI-MS experiments. Prominent ion peak in the 





 (calc. m/z = 454.1076; Figure A4.1).  





(OMe)(dpaq)](OTf) on a large scale to obtain suitable material for X-ray 
crystallographic and kinetic experiments was carried out starting from [Mn
III
(OH)(dpaq)](OTf). 
In this procedure, [Mn
III
(OH)(dpaq)](OTf) (20 mg in 5 mL) was dissolved in MeOH and was 





monitored by ESI-MS and electronic absorption spectroscopy. Upon complete conversion, the 
resulting solution was evaporated to dryness under reduced pressure, and the solid residue was 
repeatedly recrystallized by vapor diffusion using MeOH and Et2O under ambient conditions. 
Red racemically-twinned crystals of the partially hydrated salt, [Mn(OCH3)(C23H20N5O)]-




 with a = 
13.6388(4) Å, b = 26.1547(7) Å, c = 15.1412(4) Å, V = 5401.1(3) Å
3
 and Z =  8 
[Mn(OCH3)(C23H20N5O)][CF3SO3] • 0.37 H2O formula units (dcalcd = 1.533 g/cm
3
; a(CuK) = 
5.306 mm
-1
). A full set of unique diffracted intensities (5238 frames with counting times of 2 to 
5 seconds and an - or -scan width of 0.50) was measured
34
 for a single-domain specimen 
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using monochromated CuK radiation (= 1.54178 Å) on a Bruker Proteum Single Crystal 
Diffraction System equipped with Helios multilayer optics, an APEX II CCD detector and a 
Bruker MicroSTAR microfocus rotating anode X-ray source operating at 45 kV and 60 mA. 
Lattice constants were determined with the Bruker SAINT software package using peak centers 
for 9745 reflections. A total of 50470 integrated reflection intensities having 2(CuK)< 140.02 
were produced using the Bruker program SAINT;
35
 8511 of these were unique and gave Rint = 
0.025. The data were corrected empirically for variable absorption effects using equivalent 
reflections; the relative transmission factors ranged from 0.715 to 1.000. The Bruker software 
package SHELXTL was used to solve the structure using “direct methods” techniques. All stages 
of weighted full-matrix least-squares refinement were conducted using Fo
2 
data with the 
SHELXTL Version 2010.3-0 software package.
36
 
 The asymmetric unit contains two cationic metal complexes, two anions, and a water 
molecule of crystallization. A substantial portion of the structure is disordered. The quinoline 
ring for the second metal complex is 56%/44% disordered with two slightly different orientations 
in the crystal. Mild restraints were eventually applied to the anisotropic thermal parameters for 
13 of the disordered quinoline nonhydrogen atoms. The nonhydrogen bond lengths and angles 
for both orientations were restrained to have values similar to those for the quinoline ring of the 
first metal complex. This disorder produces slightly elongated or flattened anisotropic thermal 
ellipsoids for atoms in these quinoline ligands. The second triflate anion is also disordered with 
two slightly different (58%/42%) orientations and the water solvent molecule of crystallization is 
present only 74% of the time. Both orientations for the second (disordered) triflate anion were 
restrained to have bond lengths and angles similar to the first (ordered) triflate. 
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The final structural model incorporated anisotropic thermal parameters for all 
nonhydrogen atoms of both metal complexes and the ordered triflate as well as the water oxygen 
atom and the sulfur atoms for both orientations of the disordered triflate.  All other nonhydrogen 
atoms were incorporated into the structural model with isotropic thermal parameters. The 





-hybridized geometry and CH bond lengths of 0.95 – 0.99 Å). The 
methoxy methyl groups were incorporated in the structural model as rigid groups (using 
idealized sp
3
-hybridized geometry and CH bond lengths of 0.98 Å) with idealized “staggered” 
geometry.  The hydrogen atoms were assigned fixed isotropic thermal parameters with values 
1.20 (nonmethyl) and 1.50 (methyl) times the equivalent isotropic thermal parameter of the 
carbon atom to which they are bonded. 





) + (0.1429 P)
2




] / 3. Final agreement factors at 
convergence for [Mn(OCH3)(C23H20N5O)][CF3SO3] • 0.37 H2O are: R1(unweighted, based on F) 
= 0.075 for 8385 independent absorption-corrected “observed” reflections having 2(CuK)<  
140.02 and I>2(I);  R1(unweighted, based on F) = 0.076 and wR2(weighted, based on F
2
) = 
0.213 for all 8511 independent absorption-corrected reflections having 2(CuK)< 140.02.  The 
largest shift/s.u. was 0.004 in the final refinement cycle. The final difference map had maxima 




, respectively.   
5.2.4. Kinetic Studies of [Mn
III
(OMe)(dpaq)](OTf) with Substituted Phenols.  For 




 (1.5 mg, 2.5 × 10
-3
 mmol) solution 
was prepared in acetonitrile (2 mL) within an argon-filled glovebox, transferred to a gas-tight 
cuvette sealed with a pierceable septum. Solutions of phenolic substrate were prepared in 
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dichloromethane (300 μL) and sealed in a 4 mL glass vial with a pierceable septum. Then, the 




 solution was inserted into a temperature-controlled 
cryostat (Unisoku), held at 50 C, coupled to an Agilent 8453 UV/Visible spectrophotometer. 
Upon achieving thermal equilibrium (10 min), data collection was started, and 100 μL of the 
substrate solution was injected into the cuvette using a gas-tight syringe.  Data collection times 
ranged from 300 to 6000 s. An aliquot of the final reaction mixture was analyzed by electron 
paramagnetic resonance (EPR) spectroscopy at 5 K. The rates of the reactions were calculated by 
applying the initial rate approximation in order to prevent any interference by side reactions at 
longer time scales. These initial rates (in absorbance units / time) were converted into s
-1
 units by 









. For reactions involving the 2,4,6-tri-t-butylphenol, the kinetic data were 
collected to five half-lives and fit directly to obtain a pseudo-first-order rate constant. In these 
cases, the directly obtained pseudo-first-order rate constants were identical, within error, to those 
obtained using the initial rate method. The rates of reactions involving 4-methoxy-2,6-di-t-
butylphenol as the substrate were directly fit to obtain pseudo-first-order rate constants as they 
were significantly faster  (data collection times 300 – 3000 s), and the data exhibited pseudo-
first-order behavior up to at least five half-lives. 
5.2.5. Kinetic Studies of [Mn
III
(OMe)(dpaq)](OTf) with TEMPOH(D). Similar to the 




 (1.5 mg, 2.5 × 10
-3
 mmol) 
solution was prepared in acetonitrile (2 mL) within an argon-filled glovebox, and was sealed in a 
gas-tight cuvette with a pierceable septum. The TEMPOH (or TEMPOD) solution was prepared 
in acetonitrile (100 μL) and sealed in a 300 μL glass vial with a pierceable septum. Data 







 solution using a gas-tight syringe. Data collection times ranged from 300 to 
4000 s. Kinetic experiments at variable temperatures (-15 to 50 ºC) were performed following 
the same procedure as described, allowing the cuvette to achieve thermal equilibrium (10 min) in 
the cryostat, prior to the addition of the substrate. In order to confirm that substrate isotopic 
scrambling (i.e., exchange of deuterium in TEMPOD with hydrogen due to trace H2O) does not 
affect the H/D KIE, kinetic experiments were also performed where TEMPOD was dissolved in 
1:1 MeCN:MeOD. The rates of reactions with added MeOD were identical, within error, to those 








, respectively, for 100 equiv. of 
TEMPOD). All reactions involving TEMPOH (or TEMPOD) followed pseudo-first-order 
behaviour up to at least five half-lives. 
 
5.3. Results and Analysis 
5.3.1. Formation of [Mn
III
(OMe)(dpaq)](OTf) from Dioxygen. When treated with 
excess O2 gas at 25 ºC, the light orange colored methanol solution of [Mn
II
(dpaq)](OTf) slowly 









) (Figure 5.2; the extinction coefficients were obtained using 
recrystallized [Mn
III
(OMe)(dpaq)](OTf)). These changes in the electronic absorption spectrum 
are consistent with the oxidation of the Mn
II
 center upon reacting with O2. The final product of 
the oxygenation reaction, [Mn
III
(OMe)(dpaq)](OTf), was isolated in an essentially quantitative 
yield of greater than 98%. The formation of [Mn
III
(OMe)(dpaq)](OTf) from the oxygenation of a 
2.5 mM [Mn
II
(dpaq)](OTf) solution in methanol took over 33 hours to approach completion 
(Figure 5.2), which is significantly longer than that of the same reaction in MeCN (~40 min; see 





monitoring the electronic absorption spectrum of a 1.25 mM acetonitrile solution at 25 ºC. This 
is identical to the half-life observed previously for [Mn
III
(OH)(dpaq)](OTf) under the same 
conditions.
29
 At 50 ºC, the same concentration of [Mn
III
(OMe)(dpaq)](OTf) in MeCN has an 




 at 50 ºC, which corresponds to a half-life of 7.5(2) 
hours. [Mn
III
(OH)(dpaq)](OTf) showed essentially no decay at 50 ºC in MeCN.  
 




 (solid green trace) 
upon the addition of excess O2 at 25 ºC in MeOH under argon. Inset: Time evolution of 
absorption signals at 510 and 760 nm from data collected every 5 min.  
 
5.3.2. Structural and Physical Properties of [Mn
III
(OMe)(dpaq)](OTf). The X-ray 
structure of [Mn
III
(OMe)(dpaq)](OTf) shows a six-coordinate Mn
III
 center with a distorted 
octahedral geometry (Figure 5.3), with the anionic amide ligand trans to the methoxide group. 
There are two molecules of [Mn
III
(OMe)(dpaq)](OTf) within the asymmetric unit with very 
similar metric parameters; the metric parameters for the two cationic units are in Table 5.1 and 
A4.2. The structure of [Mn
III





 Most MnN distances are statistically 
indistinguishable from those of [Mn
III
(OH)(dpaq)](OTf), with the exception of the MnN4 
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distance, which is shorter in [Mn
III
(OMe)(dpaq)](OTf) (2.203(6) and 2.154(7) Å in the two 
cations) than in [Mn
III
(OH)(dpaq)](OTf) (2.260(14) Å). The methoxide group in 
[Mn
III
(OMe)(dpaq)](OTf) has MnO2 distances of 1.825(4) and 1.814(5) Å (Tables 5.1 and 
A4.2), comparable to those of other Mn
III
OMe distances reported in literature (1.836(5) and 
1.814(7)).
25,37
 Two triflate ions and a water molecule are observed within the asymmetric unit as 
well but are not associated with the Mn centers (MnO(triflate) distances of 6.397 and 6.936 Å, 
and MnO(water) distances of 4.760 and 8.604 Å).  
 
 
Figure 5.3. ORTEP (left) and space filling (right) diagrams of [Mn
III
(OMe)(dpaq)](OTf). 
ORTEP diagram shows 50% probability thermal ellipsoids. Hydrogen atoms, non-coordinating 
triflate counteranions and the water molecule have been removed for clarity. Significant 
interatomic distances and angles are listed in Table 5.1. 
 













MnO2 1.825(4) O2MnN2 177.9(3) 
MnN2 1.979(5) N4MnN5 154.8(2) 
MnN1 2.051(5) N1MnN3 161.7(2) 
MnN3 2.175(5) N4MnN2 87.8(2) 
MnN4 2.203(6) N1MnN2 80.0(2) 
MnN5 2.212(6) N3MnN2 81.8(2) 
a








 were performed in MeCN, and 




 couple at a cathodic peak potential (Ep,c) of -0.88 V vs Fc
+
/Fc 
at a scan rate of 100 mV s
-1
 at 25 C (Figure A4.2). Although it is unwise to make strong 
comparisons of this irreversible reduction wave with the reversible or partially-reversible 













 is 0.22 V lower than the 























 (vide infra). In addition, in an electrochemical study of Mn
III
OR 
complexes supported by a phenolate-containing N4O

 ligand reported by Anxolabéhère-Mallart 
and co-workers, a slightly lower irreversible reduction potential was observed for the Mn
III
OMe 









 in MeCN and 1:1 
ethanol:methanol (the latter of which is a glassing solvent) were analyzed by EPR spectroscopy 
at 5 K. Neither sample showed features in either perpendicular or parallel modes. This is 
consistent with a monomeric Mn
III













 with TEMPOH. 
 




 upon the addition of 
100 equiv. TEMPOH at 25 ºC in MeCN under argon.  Inset: Decay of the 550 nm absorption 





are broadened in MeCN as compared to data collected for a sample in MeOH (see Fig. 5.2)  
 




 was investigated using TEMPOH as the 









 with 100 equiv. of TEMPOH under an argon atmosphere in MeCN at 25 ºC 





(Figure 5.4). The final electronic absorption spectrum appears essentially identical to that of 
[Mn
II
(dpaq)](OTf) dissolved in MeCN, showing a very weak band at 510 nm. Using the intensity 




 was calculated to be 
over 99%. The X-band EPR spectrum (perpendicular-mode) of the final reaction mixture at 5 K 
shows an intense feature centered at g = 2.04 that is characteristic of the TEMPO radical (Figure 














Figure 5.5. Pseudo-first order rate constants, kobs (s
-1
) versus TEMPOH and TEMPOD 









), was calculated from the linear correlation of the observed rate constant and 





Figure 5.6. Eyring plot showing ln(k/T) versus 1/T (K
-1





 with TEMPOH from -15 to 50 ºC (258 to 323 K).  
 




 and TEMPOH was studied over a range of 




concentration), and the pseudo-first-order rate constants were observed to increase linearly with 
151 
 





 showed pseudo-first-order behavior up to at least five half-lives. A second-






 was calculated based on these data, which is slightly 











). Using the deuterated substrate, TEMPOD, a KIE of 1.8 was calculated for this PCET process, 
which suggests a rate-limiting OH/D bond breaking step. Given the exceptionally high pKa of 
TEMPOH in MeCN (pKa = 41),
7





, these results are consistent with a rate-limiting CPET reaction. An Eyring 




 and TEMPOH from -15 to 50 ºC (258 to 




 of 11.4(5) kcal/mol and -27(2) cal/mol K, 
respectively (Figure 5.6). 









reacted with 2,4,6-tri-t-butylphenol (
4-t-butyl
ArOH) in MeCN at 50 ºC. The formation of the 






 at 25 ºC; see 




 were concomitant, which suggests the absence 




 and the radical. The phenoxyl radical was 




 concentration, a yield similar to 
that previously reported for the reaction of 
4-t-butyl







perpendicular-mode X-band EPR spectrum of the final products of 
4-t-butyl
ArOH oxidation 
provide evidence for the formation of the phenoxyl radical (Figure A4.3). The ~75% yield of the 














 was treated with an excess of 
4-t-butyl
ArOH (10 – 125 equiv.) 













 exhibited linear 
dependence of the rate of the reaction (kobs) on phenol concentration up to 0.15 M 
4-t-butyl
ArOH 







intercept of the linear fit of kobs versus [
4-t-butyl














 in MeCN at 50ºC (vide supra).  
 The lack of rate saturation at high phenol concentrations is suggestive of a single-step 







 in MeOH, instead of MeCN, at 50 ºC shows a linear 
correlation between kobs and [
4-t-butyl







 (Figure A4.4). The observation of similar rates in both protic and non-protic solvents 
for oxidation of the same substrate suggests the absence of charged intermediates during the 
course of the reaction.
27
 Thus, the similar rates in MeOH and MeCN are supportive of a single 
step CPET process rather than a stepwise PCET, where the proton and electron transfer occur in 
separate kinetic steps. 















ArOH). A linear dependence between the oxidation rate and the 





. With the exception of 
4-CN







 to give phenoxyl radicals and Mn
II
 species, and in each case, a linear 
dependence between the rate of the reaction and the substrate concentration was observed 
(Figure A4.5). The second order rate constants calculated from these kinetic data are collected in 






ArOH (BDFE = 79 kcal/mol), the 





 lies around 79 kcal/mol. 
 




 upon the addition of 
100 equiv. 2,4,6-tri-t-butylphenol (
4-t-butyl
ArOH) at 50 ºC in MeCN under argon.  Inset: Time 

























 and OH 











ArOH 1.1(1) 73.9(1) 
4-Me























 kcal/mol; from Warren et al. (ref. 7) or determined following Waidmann et al. (ref. 14). 
b
 
MeOH was used as the solvent for this reaction. 
c







ArOH did not go to completion. 
 
 An Evans-Polanyi plot generated using second-order rate constants of OH bond 




 is shown in Figure 5.9. This set of 
substrates comprise a reasonable range of substrate BDFEs (66 – 78.5 kcal/mol in MeCN),
39
 and 
a linear dependence between the log of reaction rate versus BDFE of the substrate is observed 
with a slope of -0.2. In this analysis, the oxidation of 
4-MeO
ArOH displays a much faster rate than 
expected on the basis of its bond strength, and is a clear outlier (Figure 5.9). Importantly, the 
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Polanyi slope obtained by excluding the data point for 
4-MeO
ArOH is still -0.2; thus, the deviation 
in the oxidation rate of 
4-MeO
ArOH does not affect the Polanyi slope. The slope seen for this 
series is smaller than expected from Marcus theory for a reaction with a small thermodynamic 





Figure 5.9. Evans-Polanyi plot of log of PCET rate (k2) versus the BDFE of the substrate.  
 
 The CH bond oxidation capability of [Mn
III
(OMe)(dpaq)](OTf) was also investigated 
using xanthene, which has a CH BDFE of 73.3 kcal/mol in dimethysulfoxide. Treatment of a 
MeCN solution of [Mn
III
(OMe)(dpaq)](OTf) with xanthene at 50 ºC led to an observed decay 
rate of the Mn
III
OMe complex indistinguishable to the self-decay rate at this temperature 
(Figure A4.6).
40















 Mn-dependent enzymes catalyze a range of biological processes, during which PCET 
reactions play a vital role.
1
 Active sites in a number of these enzymes are known to contain mid-
valent Mn oxidants.
41-45
 Specifically, the active-site of Mn-lipoxygenase is presumed to contain a 
Mn
III
OH unit that initiates fatty acid oxidation by a PCET step.
27,45,46
 Support for this proposal 
comes from the H/D KIE of ~20 at 50 ºC.
46 
Notably, this KIE is significantly smaller than that of 
Fe-lipoxygenase (~56 at 30 ºC),
47,48
 and, unlike that of Fe-lipoxyganese, the Mn-lipoxygenase 
H/D KIE is temperature-dependent, increasing to ~38 at 8 ºC.
46 
The basis for the different KIE 
behaviors of Fe- and Mn-lipoxygenases is currently unknown.
 
In light of this and other biological 
examples, there have been several investigations of model complexes containing M
III
OR units 
(M = Mn or Fe).
25-29
 Only a few of the synthetic M
III
OR complexes are known to mediate 
PCET reactions, but these studies have revealed interesting differences between mid-valent 
M
III




 Most obviously, high-valent 
oxidants are capable of activating significantly stronger substrate bonds (up to 100 kcal/mol) 
than mid-valent oxidants (up to 80 kcal/mol). Although substrate oxidations of high-valent 
oxidants have been the subject of numerous detailed studies, understanding of PCET reactivity 
mediated by low-valent oxidants is still in its infancy.
49
 
















 represents a rare 
example of a monomeric Mn
II
 complex that can activate dioxygen in solution under ambient 
conditions to form a single product.
29





currently under investigation. Although synthetic Mn
II
 complexes that can activate dioxygen are 
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, is known to significantly alter the 






 is remarkably stable in 
solution with a half-life of ~26 days in MeCN at 25 C. In addition, a distinct property of this 














 is placed in water (Figure A4.1). 
 









Data taken from reference 29. 
b 





potential (E1/2) and 
e
 cathodic peak potential (Ep,c) vs Fc
+
/Fc in volts at 25 
ο







in cal/mol K. 
i








































































 70.1 ≥64.4 
H
ǂ g
 9.9(9) 11.4(5) 8.2 8.3 
S
ǂ h
 -35(3) -27(2) -25.5 -29 
G
ǂ g,i
 20.3(1.8) 19.5(1.1) 15.8 16.9 
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 is capable of 
oxidizing substrate OH bonds of BDFEs less than 79 kcal/mol. To date, this is the only 
Mn
III
OMe species reported to activate phenolic OH bonds. Using this complex, we have 
performed the oxidation of a series of para-substitued-2,6-di-tert-butylphenols (
4-R
ArOH) and 
TEMPOH (Table 5.2), which encompasses a reasonable range of substrate OH BDFEs (66.5 – 





 shows a linear dependence of the log of OH bond oxidation rates on the 
BDFE of the substrate OH bond (Figure 5.9). This is suggestive of a CPET mechanism for 








 reacts with 
TEMPOH, a substrate that is most likely to undergo CPET due to its remarkably high pKa (41 in 




 The H/D KIE observed for this 
oxidation is 1.8, which is suggestive of a rate-limiting CPET. In addition, we carried out the 
oxidation of 
4-t-butyl
ArOH in both MeCN and MeOH, and these reactions proceeded with similar 












 respectively (Figure A4.4). 
Such similar rates in both protic and non-protic solvents have been previously attributed to the 
absence of charged intermediates during the reaction, which suggests that sequential proton- and 
electron-transfer steps do not occur.
27
















/Fc in MeCN at 25 C),
7







ArOH is energetically up-hill by at least 0.18 V. Taken together, 





mediated OH bond oxidation.  The thermodynamic driving force for these CPET processes is 





O(H)R in Scheme 5.1; M = Mn or Fe) and that of the substrate being oxidized. When both 
the pKa of the M
II
O(H)R species and E
ο




 couple are known, the BDFE of the 
metal oxidant can be calculated using the Bordwell relationship (vide supra). Although we were 
able to obtain an Ep,c of -0.88 V (vs Fc
+








(Figure A4.2), all attempts in determining the pKa of the M
III
O(H)R form of this oxidant were 
unsuccessful.
56














are not known. 
 In contrast, the thermodynamic driving forces for PCET reactions by other Mn
III
OR 











 was determined using a modified Bordwell 
relationship,
25







 exhibited a E
ο
 of -0.60 V (vs Fc
+
/Fc), and the corresponding 
Mn
II
OH2 species had a pKa of 21.2 (Table 5.3). The related Mn
III
OMe complex exhibited a E
ο
 
of -0.45 V (vs Fc
+
/Fc), but the pKa of the Mn
III
O(H)Me form could not be precisely defined (a 
lower limit of 16.2 was estimated). Based on these values, the M
II
OH2 complex has a stronger 
OH bond by at most 5.6 kcal/mol compared to the M
II
O(H)Me species (Table 5.3).
25
 As a 













were only able to oxidize TEMPOH. In contrast, Stack and Goldsmith reported a BDFE of 82 









oxidant was capable of oxidizing moderately strong CH bonds, including that of toluene (CH 
BDFE of 87 kcal/mol in MeCN),
7









Therefore, the current examples of Mn
III
OH complexes reveal that, even with the same metal 
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and –OR ligand, the BDFE of the metal oxidant can vary considerably (17 kcal/mol) as a 
function of the supporting ligand. Although the BDFEs are not known for the reduced, 








, these complexes show 
reactivity intermediate between the S
Me2











 oxidants can oxidize phenolic 







Table 5.4. Comparison of H/D KIEs and Polanyi slopes for OH Activation by Mid-valent vs 
High-valent Oxidants. 










ArOH as the OH bond 
substrate. 
d
 Not reported. 
e
 Polanyi slopes were not reported; we calculated the slope using the 
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high-valent oxidants 




(O)] DCM -0.39 5.9
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 23 23 
[Mn
IV









 MeCN -0.36 NR
 d





 MeCN -0.42 NR
 d





 MeCN -0.55 NR
 d











 -70 59 
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5.4.2. Rates and Activation Parameters for OH Bond Oxidation by Mid-valent Mn 
Oxidants. TEMPOH is commonly used as a weak OH bond substrate (BDFE = 66.5 kcal/mol 
in MeCN) in metal-mediated PCET processes and provides a good point of comparison for the 
reactivity of Mn
III




 oxidizes TEMPOH at a 






 in MeCN at 25 
ο











). The enthalpy of activation (H
ǂ














 shows a smaller entropic 






 = 8.0(6) and 10.4(9) 
kcal/mol at 25 
ο













 have similar free energies of activation (G
ǂ
) for 
TEMPOH oxidation at 25 
ο
C (19.5(1.1) and 20.3(1.8) kcal/mol respectively). This is consistent 
with the very similar second-order rate constants at this temperature (Table 5.3).  

















 were found to be 16.9 and 15.8 




 complexes. This 
is in line with the 10
4
-greater rate of TEMPOH oxidation by the S
Me2
N4(tren)-supported 
complexes (Table 5.3). The 1.1 kcal/mol difference between the G
ǂ













 results in the Mn
III
OMe complex 
having a rate of TEMPOH oxidation an order of magnitude slower than that of the Mn
III
OH 
complex (3.6  10
2








 Notably, the enthalpic (H
ǂ
) 
contribution to the G
ǂ






















 is due to the larger entropy of activation (Table 5.3). However, the 
smaller G
ǂ











 oxidants is intriguing, given that it solely reflects differences between 
the dpaq and S
Me2
N4(tren) supporting ligands (Figure 5.1). 









, the most significant difference is that the former complex lacks the rate 
saturation behavior at high phenol concentrations.
29





 was proposed to be due to the equilibrium formation of a precursor complex 
prior to the rate-determining CPET step. This precursor complex was proposed to be a hydrogen-
bonded adduct between the phenolic substrate and the Mn
III









 due to steric clash 
between the methyl moiety and the bulky phenol substrates. For most of the phenols, the Keq for 




 was ~20, which corresponds to a small 





 system could be expected to impact the equilibrium position such that the 
pre-equilibrium step is no longer observed. 
5.4.3. KIEs and Polanyi Slopes of Mid-valent Oxidants. In comparison with high-
valent oxidants, the H/D KIEs and the Polanyi slopes for OH bond oxidations by mid-valent 
oxidants display notable differences, as summarized in Table 5.4. The KIEs for OH bond 
oxidation reactions of mid-valent MOR oxidants are smaller (~2 – 3)
25,29
 than those of high-
valent oxo and hydroxo oxidants (~5 – 10),
23,57,58
















 is remarkably small (1.4),
29







(O)], has been shown to carry out the same substrate oxidation at a 
similar temperature with a larger KIE of 5.9.
23
  
 Moreover, according to Marcus theory, a Polanyi slope of -0.5 is expected for a process 
with a small thermodynamic driving force and a transition state position mid-way between 
reactants and products.
60
 The Polanyi slopes observed for OH oxidation reactions of mid-valent 




 which is significantly smaller than the expected value. 
Albeit, at present, only a limited number of data sets are available.
61 
This is in contrast with high-
valent oxidants that oxidize substrate OH bonds with a Polanyi slope of -0.4 to -0.6.
20,23,57-59
 
Each Polanyi study listed in Table 5.4 is based on para-substitued-2,6-di-tert-butylphenols as 
OH substrates. Irrespective of the identity of the metal (Mn or Fe), high-valent oxidants show 
slopes closer to the expected value of -0.5. Generally, a Polanyi slope of <0.5 indicates an early 
transition state that resembles the reactants,
60
 with a rate less sensitive to the driving force of the 
reaction. It is an open question therefore, whether the lower sensitivity of PCET rates to the 
driving force of the reaction is a characteristic property of these mid-valent oxidants, and if they 
go through an early transition state regardless of the identity of the substrate. The small KIE 
values observed for these oxidants could also be a consequence of this phenomenon.   
 
5.5. Conclusions and Outlook 
 Designing metal oxidants with well-tuned properties for rapid, selective PCET is a 
desirable goal in synthetic chemistry, as such oxidants could be of significant benefit in industry, 
as well as in biomimetic studies. Among other metal oxidants, mid-valent MOR adducts exhibit 
the potential for good tunability in their PCET reactivities, as both E
ο
 and pKa can be controlled 
by changing the R group in the MOR unit, or through modification of the supporting ligand. 
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 potentials with respect to the properties of the 
supporting ligands is observed in the series of Mn
III
OH complexes supported by neutral PY5 




N4(tren) and dpaq (-0.60 V vs Fc
+










 Also, the pKa of the oxidant can be altered utilizing supporting ligands and OR 






 series of complexes (Table 5.3).
25
 As 
a result of these differences, a range of OH BDFEs is observed for M
II
OH2 species derived 
from M
III
OH oxidants (17 kcal/mol), along with large differences in substrate oxidation rates 
(10
4
-fold for TEMPOH as substrate; see Table 5.3). Additional work on mid-valent oxidants is 
warranted to gain further insight into the specific geometric and electronic factors governing 
their PCET reactivities.  
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Mechanistic Investigations into Dioxygen Activation Pathways                           
















X-ray absorption spectroscopic data collection and analysis for [Mn
II
(dpaq)](OTf) was 
performed by Derek B. Rice. X-ray diffraction data collection and analysis were carried out by 











 of oxalates are ubiquitous in nature. Similar 
manganese catalysts that can activate dioxygen are of great significance, since both the catalyst 
and the oxidant are environmentally benign and less expensive, compared to most precious metal 
industrial catalysts currently used.
7
 Furthermore, these catalysts are presumed to be of immense 
potential, both in organic synthesis and alternate energy applications such as fuel cells. Synthetic 
manganese(II) complexes that are capable of reducing dioxygen are rare, predominantly due to 




 redox couple (1.51 V vs. NHE in H2O).
8
 
Thus, dioxygen activation by Mn
II
 centers is virtually impractical, unless the metal center is 
supported by an electron rich supporting ligand that could significantly alter its redox potential.
9
 
Accordingly, all synthetic examples of dioxygen activating Mn
II
 complexes are supported by 
either mono-, di-, or trianionic supporting ligands (vide infra), and a handful of these complexes 




 systems have been successfully utilized 
as synthetic oxidation catalysts for organic transformations, where olefin epoxidation and alkane 
oxidation are the most common processes.
13-18
 In addition, some reports include structural and/or 
spectroscopic characterization of key intermediates formed during Mn-dependent O2 activation, 
which provides useful mechanistic details.
9,10,19,20
  
 6.1.1. Synthetic applications of Mn
II
-catalyzed dioxygen reduction. In 1986, 
Fontecave and coworkers reported both catalytic olefin epoxidation and alkane oxidation using 
[Mn
III
(TPP)(Cl)] (TPP = tetraphenylporphyrin; Figure 6.1) catalyst and dioxygen (Scheme 6.1).
13
 
It was shown that the catalytic efficiency of this system is superior to other porphyrin-based 
synthetic catalysts previously reported for these chemical processes.
21-25










 in order to initiate catalysis, as seen in other systems
19
), acetic acid 
(AcOH) as the proton source, and 1-methylimidazole co-catalyst for optimum activity. The 
optimized molar ratios for Mn: 1-methylimidazole: AcOH: Zn: substrate were 1: 100: 150: 150: 
3850, where all reactions were performed under excess O2 in MeCN at 20 
ο
C. Both cyclic 
(cyclooctene) and acyclic (2-methylhept-2-ene and non-1-ene) olefins were successfully 
converted to the corresponding epoxides in moderate yields (~50 %) with up to 75 turnovers for 
cyclooctene epoxidation.
13
 Alkane oxidation yielded the corresponding alcohol or the ketone 
depending on the extent of oxidation, as commonly observed for Mn-mediated substrate 
oxidation reactions. Previous work, where hydride donor reagents such as NaBH4, NBu4BH4, 
and H2 has been used along with ascorbate
21-23
 in place of Zn and AcOH, displayed lower yields 
of the hydroxylated products compared to this system. Although higher yields of epoxidation and 
oxidation were obtained using O2, mechanistic details of these conversions that presumably 
include Mn-dependent O2 activation are currently unknown. 





 (salen = 2,2'-Ethylenebis(nitrilomethylidene)diphenol; Figure 6.1), along 
with dioxygen, 1-methylimidazole and benzoic anhydride (Scheme 6.1).
14
 A detailed cyclic 
voltammetric and rotating-disk-electrode electrochemical analysis provided useful insights into 





 facilitated dioxygen activation, to generate the corresponding η
2
-







peroxomanganese(III) complex then reacts with benzoic anhydride to generate the Mn
V
O 
adduct, which mediates epoxidation, regenerating the Mn
III
 starting compound. In addition to 
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epoxidation, allylic hydroxylation was also observed when cyclohexene was used as the 
substrate. This work represents one of the earliest reports where a Mn-dependent dioxygen 
activation mechanism was supported by detailed characterization of reaction intermediates. 
 Furthermore, there are numerous other examples where Mn
II
 mediated dioxygen 
activation has been successfully coupled with organic substrate oxidation to generate 
synthetically desirable targets. Christoffers showed that α-hydroxylation of cyclic β-keto esters 
can be achieved with Mn(OAc)2  4 H2O and dioxygen under ambient conditions in 
dichloromethane (Scheme 6.1).
16
 Prolonged reaction times produced further oxidized products, 
providing useful insights into the mechanism of the reaction. It was proposed that a high-valent 
Mn
V
O species performs epoxidative reactivity that leads to the final hydroxylated products. 
Lastly, Nishida and coworkers have reported a unique system where dioxygen reduction has 
been observed by Mn
II
 centers supported by pentadentate supporting ligands in the presence of 
aliphatic aldehyde additives such as cyclohexanecarboxyaldehyde (Scheme 6.1).
17
 In this 
electrochemical study, dioxygen was proposed to weakly interact with Mn
II
 as it H-bonds with 
secondary amine functionalities of the supporting ligand. Then, dioxygen is electrochemically 
activated without a change in the manganese oxidation state, where the activated dioxygen reacts 
with trans-stilbene to generate stilbene oxide. Although the proposed mechanism disfavored the 
formation of peroxomanganese(III) adducts, the possibility of such an intermediate could not  be 







Scheme 6.1. Several synthetic applications of Mn
II
 mediated dioxygen activation. 
a























Figure 6.1. Ligands used to support Mn
II
 complexes that mediate the activation of dioxygen. 
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6.1.2. Dioxygen activation by bio-inspired Mn
II
 centers. Designing Mn
II
 model 
complexes that are capable of dioxygen activation has long been a challenging goal for synthetic 
inorganic chemists. Especially, Mn
II
 systems that generate a clean single end product from 
dioxygen activation are rare.
9
 Taylor, Horwitz, Kitajima and their coworkers have reported 
several such systems where dioxygen activation has been observed, and the end product has 





(salpn)] (salpn = 2,2'-((1E,1'E)-(propane-1,3-
diylbis(azanylylidene))bis(methanylylidene))diphenol; Figure 6.1), where they proposed the 
initial formation of a superoxomanganese(III) species, which goes through a trans--1,2-peroxo-
bridged dimanganese(III,III) species to generate a final bis(-oxo)dimanganese(IV,IV) 
complex.
26,27
 Alternatively, electrochemical studies of this system later revealed the involvement 
of a η
2
-peroxomanganese(IV) species that reacts with a second equivalent of [Mn
II
(salpn)] to 
generate the final bis(-oxo)dimanganese(IV,IV) species. The final bis(-
oxo)dimanganese(IV,IV) species has been characterized by cyclic voltammetry, electron 
paramagnetic resonance (EPR) and infrared spectroscopies.
14,19,28
 In addition, dioxygen 
activation product of [Mn
II
(TPP)] has also been detected by EPR, which was also suggestive of a 
dimeric manganese species. However, the exact identity of this product is not established to date, 
but is debated to be either a monooxo-bridged dimanganese(II,III) species or a trans--1,2-
peroxo-bridged dimanganese(II,III) species.
29






tris(3,5-diisopropyl-1H-pyrazol-1-yl)hydroborate; Figure 6.1), reacts with dioxygen to generate 
the structurally characterized bis(-oxo)dimanganese(III,III) (50% yield) and monooxo-bridged 
dimanganese(III,III) (40% yield) species. In the latter species, one iPr group of each ligand was 
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Dioxygen activation by Mn
II
 complexes to generate monomeric Mn products is much less 
common. Borovik and coworkers have reported several such systems, where the metal 
complexes consist of unique anionic ligand architectures with substantial steric bulk and H-
bonding cavities around the site of O2 binding. These ligand systems utilize secondary 
coordination sphere non-covalent interactions in directing the reactivity of the metal center, as 
well as stabilizing reactive intermediates. In addition, their steric bulk aids in preventing the 
formation of undesired dimeric metal adducts.
31
 Dimeric metal species are often of high 
thermodynamic stability, and thus, do not function as active oxidants or catalytic intermediates. 













 which function under ambient conditions. In the presence of the weak NH 
bond substrate 1,2-diphenylhradrazine (DPH), the final product of [Mn
II
(Hbpaa)]-dependent O2 
















treated with excess dioxygen in the presence of DPH, where it exhibits a cleaner conversion to 
the peroxo species compared to [Mn
II
(Hbpaa)] (the yield of the peroxo complex increased from 
50% to 80%).
32








) atom donor, 
where the electron assisted in the reduction of dioxygen to peroxide (in conjugation with the 
metal), and the proton was used up for protonation of the carboxamido functionality of the 




 system was also utilized in catalytic 



















starting complex and water. Thus, for each equivalent of consumed dioxygen, two equivalents of 
DPH were also consumed, and two equivalents of water were produced. The protons of the 
produced water molecules were derived from DPH, while the DPH-derived electrons were 
consumed in O2 reduction. These mechanistic proposals were confirmed by quantifying 
azobenzene (product of DPH oxidation) by 
1
H NMR spectroscopy, and water content by Karl 
Fischer titrations. The major characteristic feature of this system that enabled this unique 
chemistry was highlighted as the proton scavenging capability of the carboxamido functionality 
of the supporting ligand.
10
  
Furthermore, redox-inactive group 2 metal ions have been observed to have profound 
effects on dioxygen activation by Mn
II





 complex reacts at a very slow rate with dioxygen, but the rate increased several 






 This increase in rate was also observed to 
be dependent on the Lewis acidity of the group 2 metals, where Ba
2+
 induced a much larger rate 
enhancement. The final product of this reactivity was isolated, and structurally characterized as 
[15-crown-5M
II
(-OH)MnIII(MST)]+ where MII = Ca2+ or Ba2+ (15-crown-5 was essential to 
solubilize Ca(OTf)2 and Ba(OTf)2 in dichloromethane). The rate increment of a factor of ~35 for 
dioxygen activation by this system in the presence of group 2 metal ions complement the similar 





 Although mechanistic details of the involvement of redox inactive metals in Mn-
dependent dioxygen reduction are still unclear, it was proposed for this system that prior 
coordination of the group 2 metal ions to the sulfonamide groups of the supporting ligand would 
facilitate the coordination of dioxygen on the Mn
II
 center, which undergoes an intramolecular 
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 The formation of this adduct is likely 
facilitated by the presence of group 2 cations, since they may aid in accommodating the charge 
build-up on the dioxygen moiety. This proposal is consistent with the dependence of rate 
enhancements on the Lewis acidity of the group 2 metals. Subsequently, this proposed Mn
III
-








There have been a couple reports where Mn
III
-OH complexes have been generated from 
Mn
II







, which involves the formation of an initial peroxo-bridged 





 This abstracts a H








6.2). The evidence for this mechanism stem from manometric measurements, 
18
O2-labeling 
experiments, and substrate oxidation by the putative Mn
IV
=O adduct. In contrast, Kovacs and 
coworkers have reported the formation of a mono-oxo bridged dimanganese(III,III) dimeric 
species from O2 activation, with the intermediacy of a structurally characterized trans--1,2-
peroxo-bridged dimanganese(III,III) dimeric complex.
20,36
 They propose the homolytic OO 
bond cleavage of the trans--1,2-peroxo-bridged dimanganese(III,III) adduct to generate a high-
valent Mn
IV
=O species, which reacts with a second equivalent of Mn
II
 to generate the observed 
mono-oxo bridged dimanganese(III,III) dimer. In a related system, a Mn
III
-OH complex was 
generated by the hydrolysis of a similar mono-oxo bridged dimanganese(III,III) dimeric species 
(Scheme 6.2).
11
 This mechanism was supported by spectroscopic, kinetic and computational 
evidence, as well as 
18
O2-labeling experiments. The major difference between these two 
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mechanisms (Scheme 6.2) is the Mn:O stoichiometry, which is 2:1 and 4:1 for the Borovik and 
Kovacs systems, respectively.  
 
 
Scheme 6.2. Combined schematic representation of proposed dioxygen activation mechanisms to 
generate monomeric Mn
III




In light of this work, we were interested in investigating the mechanistic details of the 
dioxygen activation reactivity of [Mn
II
(dpaq)](OTf) to generate [Mn
III
(OH)dpaq)](OTf). 
Accordingly, we have performed O2 titrations, EPR studies of reaction intermediates, and X-ray 
absorption experiments along with O2 reactivity studies in the presence of organic substrates and 
Lewis acids. The results of these experiments are suggestive of a mechanism similar to the 
Kovacs system, where the Mn:O stoichiometry is 4:1. In addition, we have designed, 
synthesized, and characterized new supporting ligands with variable steric and electronic 











6.2. Experimental Methods 
 6.2.1. Materials and Instrumentation. All chemicals and solvents were obtained from 
commercial vendors at ACS grade or better and were used without further purification. 
Acetonitrile, methanol and ether were dried and degassed using a Pure Solv (2010) solvent 
purification system. These solvents were degassed in air-tight solvent reservoirs (4 L), by 
passing Ar gas at room temperature for 20 min. Acetonitrile and ether were dried using air-tight 
alumina columns, and methanol was dried using a drierite column. Anhydrous dichloromethane 
and deuterated acetonitrile (MeCN-d3) was purchased from Acros Organics, and were degassed 
by four freeze-pump-thaw cycles using Schlenk techniques. All dried, degassed solvents were 
immediately taken into an argon-filled glove box, and were stored in tightly-sealed Schlenk 
glassware. All experimental procedures were carried out under an argon atmosphere unless 
otherwise stated. The purity of O2 gas used was >99% and was further purified using a gas 





(OH)(dpaq)](OTf) were prepared following previously reported methods,
12
 and were 
stored under an inert atmosphere. Triphenylphosphine (PPh3), 9,10-dihydroanthracene (DHA) 
were purchased from commercial vendors, and were recrystallized according to literature 




H NMR spectra were collected on a Bruker DRZ 400 MHz 
spectrometer and a Bruker DPX 300 MHz spectrometer with an ONP probe. These experiments 
were performed at room temperature in CDCl3 ( = 7.24 ppm) unless stated otherwise. Mass 
spectrometry experiments were performed using an LCT Primers MicroMass electrospray time-
of-flight instrument. Electronic absorption spectra were obtained on a Varian Cary 50 Bio 
spectrophotometer interfaced with a Unisoku cryostat (USP-203-A) capable of maintaining 
temperatures between 150 and 373 K. 
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 6.2.2. Generation of [Mn
III
(OH)(dpaq)](OTf) in the presence of PPh3 or DHA. 
[Mn
III
(OH)(dpaq)](OTf) was synthesized using [Mn
II
(dpaq)](OTf) and O2 in the presence of 
organic substrates such PPh3 and DHA, which are known to be highly reactive towards high-




 The oxidation of PPh3 and DHA would provide 





 A representative procedure is as follows. A 2.5 mM 
[Mn
II
(dpaq)](OTf) solution (2.9 mg in 2 mL of MeCN) was prepared under an inert atmosphere 
along with 100 equiv. of either PPh3 or DHA, and transferred to a gas-tight cuvette sealed with a 
pierceable septum. An excess of O2 gas was then delivered to the solution by means of a syringe, 
and the formation of [Mn
III
(OH)(dpaq)](OTf) was monitored by electronic absorption 
spectroscopy. The formation was complete in ~40 min and the resulting dark gold solution was 
analyzed by mass spectrometry for the presence of triphenylphosphine oxide or anthracene.  
6.2.3. Generation of [Mn
III
(OH)(dpaq)](OTf) in MeCN-d3. [Mn
III
(OH)(dpaq)](OTf) 
was generated in MeCN-d3 in order to clarify if the hydrogen atom of the hydroxyl group of 
[Mn
III
(OH)(dpaq)](OTf) is derived from the solvent, as observed in other reports.
35
 A 
representative synthetic procedure is as follows. A 2.5 mM [Mn
II
(dpaq)](OTf) solution (2.9 mg 
in 2 mL of MeCN-d3) was prepared under an inert atmosphere, and transferred to a gas-tight 
cuvette sealed with a pierceable septum. An excess of O2 gas was then delivered to the solution 
by means of a syringe, and the formation of [Mn
III
(OH)(dpaq)](OTf) was monitored by 
electronic absorption spectroscopy. The formation was complete in ~40 min and the resulting 













(OH)(dpaq)](OTf) was generated using a 2.5 mM 
[Mn
II
(dpaq)](OTf) solution (2.9 mg in 2 mL of MeCN) according to literature producers,
12
 and 
was monitored by electronic absorption spectroscopy. Aliquots of this solution were taken out at 
25%, 50%, and 75% yields of [Mn
III
(OH)(dpaq)](OTf) (as monitored optically), and EPR 
samples were prepared at room temperature. These samples were flash-frozen in liquid nitrogen, 
and were analyzed by X-band EPR spectroscopy at 5 K. 
6.2.5. Reactivity of [Mn
II
(dpaq)](OTf) with iodosobenzene (PhIO). A 2.5 mM 
[Mn
II
(dpaq)](OTf) solution (2.9 mg in 2 mL of 2,2,2-trifluoroethanol (TFE)) was prepared under 
an inert atmosphere, and transferred to a gas-tight cuvette sealed with a pierceable septum. Then, 
2.5 equiv. of PhIO was added in TFE at room temperature, and the reaction was monitored by 
electronic absorption. The final solution was analyzed by mass spectrometry. 
6.2.6. Reactivity of [Mn
II
(dpaq)](OTf) with O2 in the presence of Sc(OTf)3. A 2.5 
mM [Mn
II
(dpaq)](OTf) solution (2.9 mg in 2 mL of MeCN) containing 1 equiv. of Sc(OTf)3 was 
prepared under an inert atmosphere, and transferred to a gas-tight cuvette sealed with a 
pierceable septum. An excess of O2 gas was then delivered to the solution by means of a syringe, 
and the solution was monitored by electronic absorption spectroscopy at room temperature. 




(dpaq)](OTf) solutions of 2.5 
mM concentration were titrated with variable quantities of dioxygen, and the yield of 
[Mn
III
(OH)(dpaq)](OTf) was quantified using its molar absorption coefficients.
12
 A 
representative experimental procedure is as follows. A 2.5 mM [Mn
II
(dpaq)](OTf) solution (2.9 
mg in 2 mL of MeCN) was prepared under an inert atmosphere, and transferred to a gas-tight 





(dpaq)](OTf) solution by means of a gas-tight syringe, and the solution was monitored by 
electronic absorption spectroscopy at room temperature. The cuvette was maintained under a 
nitrogen atmosphere for the duration of the experiment, and the pseudo-first-order rates of 
formation of [Mn
III
(OH)(dpaq)](OTf) for each dioxygen concentration were calculated using the 
time evolution of the 550 nm absorption feature.  





(OMe)(dpaq)](OTf). Samples of 
[Mn
III
(OH)(dpaq)](OTf) for Mn K-edge X-ray absorption spectroscopic (XAS) analysis were 
prepared from 15 mM solutions in MeCN and H2O. [Mn
III
(OMe)(dpaq)](OTf) samples were 
prepared with 15 mM solutions in MeOH. Approximately 400 L of the solution was transferred 
to a sample holder covered with Kapton tape, and was frozen in liquid nitrogen. XAS data were 
collected on beamline X3B at the National Synchrotron Light Source (NSLS), Brookhaven 
National Laboratory (storage ring conditions, 2.8 GeV, 100-300 mA). The sample was 
maintained at 25 K with a helium displex closed-cycle cryostat over the energy rage 6.4-7.4 keV 
(Si(111) monochromator). A solid-state 13-element germanium detector was used to obtain data 
as fluorescence excitation spectra. Contamination of higher harmonics radiation was minimized 
by using a harmonic rejection mirror. Background signals were minimized using a 6 m Cr filter. 
A Mn foil spectrum was recorded simultaneously as an internal energy calibration, and the 
inflection point of the K-edge energy was assigned to 6539.0 eV. The spectra were measured 
with 5 eV steps below the edge, 0.3 eV steps in the edge region, and steps equivalent to 0.05 Å
-1
 
increments above the edge (region borders were 6354, 6529, and 6554 eV). XAS data reduction 
and averaging were fully performed using the program EXAFSPAK. Pre-edge background 
intensity was removed by fitting a Gaussian function to the pre-edge background and subtracting 
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this function from the whole spectrum. Then, the spectrum was fit with a three-segment spline 
function with fourth-order polynomial components to remove low-frequency background. The k-
space window utilized for analysis of all samples was k = 2 – 12 Å
-1
.  
6.2.9. Synthesis of Hdpaq
2-Me
 ligand. 2-methylquinolin-8-amine (1.00 g, 6.32 mmol) 
and 2-bromoacetyl bromide (0.725 mL, 8.32 mmol) were combined in acetonitrile (20 mL) along 
with excess Na2CO3 (1.03g, 9.70 mmol) under an inert atmosphere, and the resulting solution 
was stirred for 30 min at 0 
ο
C. The solution was then allowed to warm up to room temperature, 
and was filtered through celite, and evaporated to dryness under reduced pressure. The solid 
product was combined with di-picolyl amine (1.5 mL, 8.33 mmol) and Na2CO3 (1.03g, 9.70 
mmol) in acetonitrile (40 mL), and was stirred overnight at 0 
ο
C under an inert atmosphere. The 
final reaction mixture was filtered through celite, and evaporated to dryness. The crude product 
was purified by flash chromatography on a silica column using MeOH/DCM. The pure ligand 
(Hdpaq
2-Me
; Figure 6.2) was isolated in good yield (77%) as a brown oil, and was characterized 
by 
1
H NMR and ESI-MS (Figures A5.1 and A5.2). 
1
H NMR data (400 MHz) for Hdpaq
2-Me
 
(CDCl3, δ) = 11.52 (s, 1H), 8.70 (dd, J = 6.4, 2.7 Hz, 1H), 8.50 – 8.40 (m, 2H), 8.02 (d, J = 8.3 
Hz, 1H), 7.92 (d, J = 7.8 Hz, 2H), 7.54 (td, J = 7.6, 1.9 Hz, 2H), 7.46 – 7.28 (m, 3H), 7.15 – 7.02 




} m/z = 
420.1766 (calc. = 420.1800). 
 
 
Figure 6.2. Novel ligands included in this study as modifications to the dpaq platform.  
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6.2.10. Synthesis of H2dpap
2-t-Bu
 ligand. 2-amino-6-tert-butylphenol (250 mg, 1.51 
mmol) and 2-bromoacetyl bromide (0.157 mL, 1.80 mmol) were combined in acetonitrile (10 
mL) along with excess Na2CO3 (223.4 mg, 2.11 mmol) under an inert atmosphere, and the 
resulting solution was stirred for 30 min at 0 
ο
C. The solution was then allowed to warm up to 
room temperature, and was filtered through celite, and evaporated to dryness under reduced 
pressure. The solid product was combined with di-picolyl amine (0.324 mL, 1.80 mmol) and 
Na2CO3 (223.4 mg, 2.11 mmol) in acetonitrile (20 mL), and was stirred overnight at 0 
ο
C under 
an inert atmosphere. The final reaction mixture was filtered through celite, and evaporated to 
dryness. The crude product was then purified by flash chromatography on a silica column using 
MeOH/DCM. The pure ligand (H2dpap
2-t-Bu
; Figure 6.2) was isolated in moderate yield (45%) as 
a dark brown oil, and was characterized by 
1
H NMR and ESI-MS (Figures A5.3 and A5.4). 
1
H 
NMR data (400 MHz) for H2dpap
2-t-Bu
 (CDCl3, δ) = 10.97 (s, 1H), 8.88 – 8.43 (m, 2H), 7.74 – 
7.57 (m, 2H), 7.50 – 7.37 (m, 1H), 7.29 (d, J = 7.9 Hz, 2H), 7.24 (ddd, J = 7.6, 4.9, 1.3 Hz, 2H), 





} m/z = 427.2045 (calc. = 427.2110). 




)](OTf). To a stirred solution of 103 mg (0.26 
mmol) of H-dpaq
2-Me
 in 2 mL of MeOH was added 92 mg (0.26 mmol) of Mn
II
(OTf)2 in 2 mL of 
MeOH, followed by 25 mg (0.26 mmol) of NaO
t
Bu in 2 mL of MeOH under an inert 
atmosphere. The Mn
II
(OTf)2 salt was generated using a previously reported method.
40
 The 
orange colored resultant solution was stirred overnight, and then filtered and evaporated to 





)](OTf). Crystals for X-ray diffraction analysis were obtained by 














} m/z = 451.1177 (calc. 451.1205).  









)](OTf) was suspended with Paratone N 
oil on a MiteGen MicroMount and placed on a goniometer head in a cold nitrogen stream at 100 
K for a single-crystal X-ray structure determination. Monochromatic X-rays were provided by a 
Bruker diffractometer equipped with Helios high-brilliance multilayer optics, a Platinum 135 
CCD detector and a Bruker MicroStar microfocus rotating anode X-ray source operating at 45 
kV and 60 mA.  Intensity data (6590 0.5°-wide ω- or φ-scan frames with counting times of 4-6 
seconds each) were collected with the Bruker program SMART
41
 and diffracted intensities were 
measured with the Bruker program SAINT
42
. The space group
43
 and crystallographic data are 
summarized in Table A5.1. The Bruker software package SHELXTL was used to solve the 
structure and locate all nonhydrogen atoms with “direct methods” techniques. Each methyl group 
was incorporated into the structural model as a fixed rigid group (using idealized sp
3
-hybridized 
geometry and a CH bond length of 0.98 Å) with idealized “staggered” geometry.  The 





-hybridization of the carbon and CH bond lengths of 0.95 - 0.99 Å).  The isotropic 
thermal parameters of all idealized hydrogen atoms were fixed at values 1.2 (nonmethyl) or 1.5 
(methyl) times the equivalent isotropic thermal parameter of the carbon atom to which they are 
covalently bonded. 
All three triflate anions are 50:50 disordered over two closely separated sites in the unit 
cell.  The first and third triflates are disordered about crystallographic inversion centers at (½, 0, 
0) and (½, 0, ½), respectively.  The bond lengths and angles of the triflates were mildly 
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restrained to have similar values.  All stages of weighted full-matrix least-squares refinement 
were conducted using Fo
2
 data with the SHELXTL XLMP v2013/4 software package.
44
 The 
final structural model incorporated anisotropic thermal parameters for all non-hydrogen atoms 
and isotropic thermal parameters for all hydrogen atoms. 









solution (3.0 mg in 2 mL of MeCN) was prepared under an inert atmosphere and transferred to a 
gas-tight cuvette sealed with a pierceable septum. An excess of O2 gas was then delivered to the 




)](OTf) was monitored 
by electronic absorption spectroscopy. The formation was complete in ~250 min and the 
resulting dark red solution was evaporated to dryness under reduced pressure. The solid residue 





)](OTf) on a larger scale was undertaken to obtain suitable material for X-ray crystallographic 










was confirmed by ESI-MS and electronic absorption spectroscopy. The resulting solution was 
evaporated to dryness under reduced pressure, and the solid residue was recrystallized using 




)](OTf) crystals of X-ray crystallographic quality 







} m/z = 468.1204 (calc. 468.1232).  









)](OTf) was suspended with 
Paratone N oil on a MiteGen MicroMount and placed on a goniometer head in a cold nitrogen 
stream at 100 K for a single-crystal X-ray structure determination. Monochromatic X-rays were 
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provided by a Bruker diffractometer equipped with Helios high-brilliance multilayer optics, a 
Platinum 135 CCD detector and a Bruker MicroStar microfocus rotating anode X-ray source 
operating at 45 kV and 60 mA.  Intensity data (4431 0.5°-wide ω- or φ-scan frames with 
counting times of 5-10 seconds each) were collected with the Bruker program SMART
41
 and 
diffracted intensities were measured with the Bruker program SAINT.
42
 The space group
43
 and 
crystallographic data are summarized in Table A5.2. The Bruker software package SHELXTL 
was used to solve the structure and locate all nonhydrogen atoms with “direct methods” 
techniques. Hydrogen atoms were located from a difference Fourier and initially included in the 
structural model as independent isotropic atoms whose parameters were allowed to vary in least-
squares refinement cycles. In the final least-squares refinement cycles, the acetonitrile methyl 
group was included in the structural model as an idealized sp
3
-hybridized rigid rotor (with CH 
bond lengths of 0.98 Å) that was allowed to rotate freely about its CC bond and the isotropic 
thermal parameter of H(11a) was fixed at a value 1.2 times the equivalent isotropic thermal 
parameter of carbon atom C(11).  The triflate CF3 group is 88:12 rotationally disordered about 
the CS bond and the three minor-occupancy fluorine sites were incorporated in the structural 
model with isotropic thermal parameters.  All stages of weighted full-matrix least-squares 
refinement were conducted using Fo
2 
data with the SHELXTL XLMP v2013/4 software 
package.
44
 The final structural model incorporated anisotropic thermal parameters for all full- 
and major-occupancy non-hydrogen atoms and isotropic thermal parameters for all hydrogen 
atoms and the three minor-occupancy fluorine atoms. 




)]. To a stirred solution of 105 mg (0.26 
mmol) of H2dpap
2-t-Bu
 in 2 mL of MeOH was added 92 mg (0.26 mmol) of Mn
II
(OTf)2 in 2 mL of 
MeOH, followed by 50 mg (0.52 mmol) of NaO
t





(OTf)2 salt was generated using a previously reported method.
40
  The red 
colored resultant solution was stirred overnight and then filtered and evaporated to dryness under 
vacuum. The solid product was recrystallized using MeOH/ Et2O. Note: The metalation reaction 
of H2dpap
2-t-Bu
 generated excessive amounts of white insoluble solid, and the yield of the final 
crystalline solid was observed to be lower (~40%) than the typically expected yield for a 
metalation procedure. 
 
6.3. Results and Analysis 
 6.3.1. Generation of [Mn
III
(OH)(dpaq)](OTf) in the presence of PPh3, DHA, and 
MeCN-d3. High-valent Mn
IV
=O oxidants are known to rapidly oxidize substrates with weak 
CH bonds, such as DHA (BDFE = 76 kcal/mol in DMSO
45
), via proton-coupled electron 
transfer (PCET) reactions to generate substrate based radicals. In the case of DHA, a subsequent 
PCET process with a second equivalent of the oxidant generates anthracene as the major organic 
product (Note: anthraquinone may also form due to O2 quenching of the substrate based radical, 
or hydroxyl rebound).
38
 Thus, if such a high-valent intermediate is formed during dioxygen 
activation by [Mn
II
(dpaq)](OTf), it is expected to rapidly oxidize DHA to anthracene (or 
anthraquinone), which is detectable by ESI-MS, electronic absorption spectroscopy and GC-MS. 
However, under these conditions, we did not observe the formation of any anthracene in 
solution. Similarly, when dioxygen was reduced by [Mn
II
(dpaq)](OTf) in the presence of an 
excess of PPh3, ESI-MS of the final solution did not provide evidence for the formation of 
P(O)Ph3 as a result of an oxo-atom transfer (OAT) reactivity. Furthermore, the rates of formation 
of [Mn
III
(OH)(dpaq)](OTf) in the presence of these substrates were comparable to those without 





=O oxidant that forms during the reaction, or the extremely rapid reactivity of such an 
intermediate towards Mn
II
 starting complex in solution (as previously observed
36
), making it 
challenging to intercept it with an external organic substrate. In fact, there have been reports 
where some Mn
IV
=O oxidants have oxidized DHA at rates much slower than expected, 
regardless of the weak CH bond strength of this substrate.
46
 In such a scenario, rather than 
oxidizing DHA, the proposed Mn
IV
=O adduct would rapidly react with [Mn
II
(dpaq)](OTf) 
leading to the formation of a monooxo-bridged dimanganese(III,III) dimer, which could then 
hydrolyze to generate [Mn
III
(OH)(dpaq)](OTf). Furthermore, when [Mn
II
(dpaq)](OTf) was 





(OD)(dpaq)](OTf). This result reveals that the hydrogen atom of the hydroxyl group of 
[Mn
III
(OH)(dpaq)](OTf) is not MeCN derived. This stands in contrast to the Mn
III
-OH adduct 
reported by Borovik and coworkers, where the –OH proton is solvent-derived.
35
 
 6.3.2. EPR analysis of intermediates generated during the formation of 
[Mn
III
(OH)(dpaq)](OTf). The perpendicular mode X-band EPR spectra corresponding to frozen 
acetonitrile solutions (at 5 K) of 25%, 50%, and 75% yields of [Mn
III
(OH)(dpaq)](OTf) with 
respect to the starting Mn
II
 concentration are shown in Figure 6.3. At 25% formation of 
[Mn
III
(OH)(dpaq)](OTf), a prominent derivative-shaped signal is observed at 350 mT, which is 




 When 50% 
[Mn
III
(OH)(dpaq)](OTf) is formed, the solution EPR spectrum displays a unique 14-line signal, 
although the derivative shape of the Mn
II
 signal is still evident. Such multi-line EPR spectra are 
generally indicative of dimeric metal species such as bis(-oxo)dimanganese complexes.9,47-50 
This multi-line EPR feature could also result from resolving the hyperfine splitting due to 
nitrogen nuclei of the supporting ligand, although the observed splitting constant of ~10 mT is 
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most consistent with a dimeric Mn species.
47
 The EPR spectra of such species often display 
multi-line signals due to the hyperfine splitting induced by the two Mn centers. Although the 
source of this multi-line EPR signal is currently unclear, the evidence of potential formation of a 
dimeric Mn species en route to [Mn
III
(OH)(dpaq)](OTf) is intriguing. At 75% formation, the 
multi-line EPR signal is reduced in intensity. The final EPR spectrum is featureless,
12
 due to the 
>99% yield of [Mn
III
(OH)(dpaq)](OTf). Furthermore, the parallel mode EPR spectra of these 
samples were observed to be featureless under the same conditions. 
 





(dpaq)](OTf) and O2 collected in frozen MeCN solutions 
at 5 K. 
 
 6.3.3. Reactivity of [Mn
II
(dpaq)](OTf) with iodosobenzene (PhIO). PhIO is commonly 







 Furthermore, a majority of non-porphyrinoid Mn
IV
=O adducts exhibit 
enhanced stabilities in TFE,
38,51
 the reasons for which are not fully understood. In light of this 




 by treating [Mn
II
(dpaq)](OTf) with 2.5 
equiv. of PhIO in TFE at room temperature. [Mn
II
(dpaq)](OTf) reacted rapidly with PhIO, 



















} m/z = 536.1119 (calc. = 536.1106). Stack and coworkers have also 









treated with 1 equiv. of PhIO in MeCN under ambient conditions.
52
 These results could be 
suggestive of an initial generation of a highly reactive Mn
IV
=O species in solution, which reacts 
further to generate the final Mn
III
-OH species. However, if the proposed Mn
IV
=O species reacts 
with solvent in a PCET process to generate the final Mn
III
 species, one would expect to observe 





could most likely react with excess Mn
II
 in solution for the 
generation of [Mn
III












Figure 6.4. The final absorption spectrum of the reaction between a 2.5 mM solution of 
[Mn
II






 6.3.4. Reactivity of [Mn
II
(dpaq)](OTf) with O2 in the presence of Sc(OTf)3. When 1 
equiv. of Sc(OTf)3 was added into a 2.5 mM solution of [Mn
II
(dpaq)](OTf), it changed color 
from light yellow to colorless. Furthermore, the weak absorption feature of [Mn
II
(dpaq)](OTf) 
centered at 540 nm
12
 could not be observed anymore (Figure 6.5). Most importantly, this 
solution did not react with dioxygen in air even under prolonged exposure times (up to 5 days). 
These observations reveal that the strong Lewis acid Sc
3+
 has modified the electronic properties 
of the Mn
II
 center, shutting down its dioxygen activation capabilities. We propose strong 
interactions of Sc
3+





 reduction potential, deactivating the dioxygen activating pathway of 
[Mn
II
(dpaq)](OTf). This proposal can be interrogated by carrying out cyclic voltammetric 
experiments of [Mn
II
(dpaq)](OTf) in the presence of Sc
3+





 reduction potential. Our observations of the effects of Sc(OTf)3 on O2 reduction is in 
contrast to what has been observed by Borovik and coworkers,
33





 were enhanced in the presence of redox-inactive Lewis acids. In those 
systems, Lewis acids were thought to facilitate the manganese-mediated dioxygen reduction, 





 adduct are currently underway. In addition, the reactivity of 
[Mn
II
(dpaq)](OTf) with other oxidants, specifically PhIO, in the presence of Sc
3+
 will be 





Figure 6.5. Changes observed in the electronic absorption spectrum of [Mn
II
(dpaq)](OTf) when 




 6.3.5. Dioxygen titrations of [Mn
II
(dpaq)](OTf). Dioxygen titrations were performed 
by the addition of variable volumes of dioxygen (0.1 – 10 equiv. with respect to initial Mn
II
 
concentration) by means of a gas-tight syringe into a cuvette containing a 2.5 mM solution of 
[Mn
II
(dpaq)](OTf). As seen in Figure 6.6A, the final yield of [Mn
III
(OH)(dpaq)](OTf) varied as a 
function of [O2]. The experimental yields of [Mn
III
(OH)(dpaq)](OTf) for 0.1 – 1 equiv. of O2 are 
summarized in Table 6.3. A comparison of those yields with the expected yields for Mn:O 
stoichiometries of 2:1 and 4:1 reveal that the current experimental results are inconclusive of the 
actual Mn:O stoichiometry. However, the experimentally observed [Mn
III
(OH)(dpaq)](OTf) 
yields at 0.1 and 0.18 equiv. of O2 are higher than what is expected for a Mn:O stoichiometry of 
2:1, which could be suggestive of a 4:1 stoichiometry. Furthermore, when samples with less than 
a 100% yield were exposed to the atmosphere following the experiment, the yield of 
[Mn
III
(OH)(dpaq)](OTf) started increasing further, ultimately leveling off at 100%. This 
observation provided evidence that our experimental setup was reliable for carrying out air-free 
O2 titrations of [Mn
II
(dpaq)](OTf). It should also be noted that during these experiments, O2 
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would partition between gas phase and solution phase in order to dissolve in MeCN, prior to 
reacting with [Mn
II
(dpaq)](OTf). Thus, due to the considerable head space inside the cuvette, 
only a fraction of added O2 will react with [Mn
II
(dpaq)](OTf) during a given trial. Manometric 
experiments would potentially aid in minimizing similar issues, as the direct uptake of O2 due to 
reacting with [Mn
II
(dpaq)](OTf) will be measured in terms of pressure differences in the head-
space of the reaction vessel. Future work will involve such manometric and 
18
O2-labeling 
experiments, which will potentially yield a clearer insight into the Mn:O stoichiometry of this 
reaction. Furthermore, the pseudo-first-order rate constants of formation of 
[Mn
III
(OH)(dpaq)](OTf) in these experiments display a linear dependence on the [O2] (Figure 






. This reveals that dioxygen is 








(dpaq)](OTf) was treated with 
0.1 – 10 equiv. of gaseous O2 in MeCN at 25 
ο
C. Inset shows the expanded region from 0.1 – 1 
equiv. of gaseous O2. B) Pseudo-first-order rate constants for the formation of 
[Mn
III
(OH)(dpaq)](OTf) versus [O2] calculated for a 2.5 mM solution of [Mn
II
(dpaq)](OTf) in 
MeCN at 25 
ο
C. The second order rate constant k2 was calculated from the linear correlation of 




Table 6.3. The variation of experimental yields of [Mn
III
(OH)(dpaq)](OTf) as a function of 
added O2 equivalents (calculated at 25 
ο
C in MeCN), and the expected yields for the previously 

















 6.3.6. Mn K-edge X-ray absorption characterization of [Mn
III
(OH)(dpaq)](OTf). Mn 





(OH)(dpaq)](OTf) in MeCN and H2O, and [Mn
III
(OMe)(dpaq)](OTf) in MeOH 
reveal interesting trends. The EXAFS data for [Mn
II
(dpaq)](OTf) display intense features at ~1.7 
and 2.5 Å in its Fourier transform (Figure 6.7), which compare well with the MnN distances 
and MnC distances observed in its X-ray crystal structure (Note: the actual distances between 
Mn and the scattering atoms that result from the Fourier transform is R’ + 0.4 Å following the 
phase shift, and thus, these distances correspond to MnN and MnC distances of ~2.1 Å and 
~2.9 Å respectively). Thus, the [Mn
II
(dpaq)](OTf) EXAFS data are representative of a typical 
monomeric metal species, where the Fourier transform is dominated by an intense feature 
corresponding to its primary coordination sphere. In contrast, the EXAFS data for 
[Mn
III
(OH)(dpaq)](OTf) in MeCN exhibits several strong features up to ~3.4 Å in its Fourier 
transform (Figure 6.7), which is most reminiscent of dimeric Mn species rather than a 
monomeric complex.
47
 Typically, dimeric metal species exhibit long-range scattering with low 
signal-to-noise due to the presence of the second metal center, which result in intense Fourier 
a




     Mn : O 
4 : 1 
Expected % 
Mn : O 
2 : 1 
Expected % 
0.1 37(4) 40 20 
0.18 60(5) 72 36 
0.25 82(1) 100 50 
0.5 94(1) 100 100 
1 97(6) 100 100 
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transform features up to longer distances. Thus, we propose that in solution, 
[Mn
III





 (Scheme 6.3), which becomes the dominant form in solution at 
extremely low temperatures. Accordingly, in H2O, the equilibrium is biased in the reverse 
direction, and the monomeric [Mn
III
(OH)(dpaq)](OTf) form dominates over the dimeric species. 
This proposal is further supported by the EXAFS and Fourier transform data for 
[Mn
III
(OH)(dpaq)](OTf) collected in H2O (Figure 6.7), where the data are indicative of a 
predominant monomeric metal species (compare the yellow, red, and green spectra in Figure 
6.7). Moreover, the X-ray absorption near edge spectra (XANES) for both MeCN and H2O 
samples of [Mn
III
(OH)(dpaq)](OTf) exhibit identical edge energies (fit to the first inflection 
point) at ~6541 eV (Figure 6.8). In spite of the dissimilarities in their EXAFS data, this indicates 
that both MeCN and H2O samples contain Mn species with same oxidation state, implying that 
the Mn
III
 oxidation state is preserved during the dimerization of [Mn
III
(OH)(dpaq)](OTf). 
Furthermore, the Fourier transform of the [Mn
III
(OH)(dpaq)](OTf) data collected in MeCN 
exhibits the most intense feature at ~3.3 Å, which corresponds to a MnMn distances of ~3.7 Å 
with the phase shift. This is slightly longer than the often observed MnMn distance for other 
monooxo-bridged dimanganese(III,III) dimers found in literature (~3.5 Å).
11,53,54
 To further 
support this proposal, [Mn
III
(OMe)(dpaq)](OTf) complex does not display any dimerization in 
frozen MeOH solution (Figure 6.7). Unfortunately, obtaining high-quality fits for these data sets 
using the structural parameters of the proposed species has been unsuccessful thus far. It is 
noteworthy that the presence of multiple metal species in solution could contribute significantly 
to the difficulties involved with fitting, as the data represents an average signal with 




Figure 6.7. Fourier transforms of Mn K-edge EXAFS data [k
3
(k)] and raw EXAFS spectra 




(OH)(dpaq)](OTf) in MeCN (red) and 
H2O (green), and [Mn
III




Scheme 6.3. The proposed dimerization of [Mn
III
(OH)(dpaq)](OTf) in solution forming the 















Figure 6.8.  Normalized Mn K-edge XANES spectra for 15 mM [Mn
III
(OH)(dpaq)](OTf) in 
MeCN (green) and H2O (red) collected at 20 K.  
 




)](OTf). To further investigate the 
proposal of the involvement of dimeric metal species during the formation of 
[Mn
III
(OH)(dpaq)](OTf), we have designed and synthesized a derivative of the dpaq ligand, 
dpaq
2-Me
. This ligand contains extra steric bulk (a methyl group) close to the proposed site of 
dioxygen activation, which should narrow down the feasibility of dimeric species formation due 












molecules in the smallest asymmetric unit. Although these two molecules do show slight 
differences in bond lengths and angles, each consists of a Mn
II
 center in a highly distorted 
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octahedral geometry (Figure 6.9), with two pyridine ligands (N4, N5), the quinoline ligand (N1) 
and the tertiary amine (N3) in the equatorial plane, and the amide nitrogen (N2) at an axial 





)](OTf) molecule, forming an overall polymeric structure. Table 6.4 summarizes 






 in the asymmetric unit. For the 
two cations, the angle between the axial ligands (O1MnN2) is ~170° and the angles between 
the equatorial ligands vary from ~75° to ~110°, indicating large deviations from idealized 
octahedral geometry. Three triflate ions and two acetonitrile molecules are also present in the 
crystal structure but do not interact with the Mn
II
 centers (MnO and MnN distances of ~5.6 Å 
and ~5.0 Å respectively). All Mn
II
ligand distances are in the range of 2.2 to 2.3 Å, which is 




  Notably, the C10O1 distance of the amide ranges from 
1.255 to 1.259 Å, which is typical of a C=O double bond. Thus, the MnO1 interaction is likely 
weak, and presumably the polymeric structure observed in the crystal structure reverts to 









)](OTf) also compares well with the recently reported [Mn(dpaq)(NO)](ClO4) 
complex.
57
 The shorter bond lengths in that complex are expected given the formulation of that 
complex as a low-spin Mn
II







Figure 6.9. ORTEP (left) and space-filling (right) diagrams showing the two cations in the 






. ORTEP diagram shows 50% 
probability thermal ellipsoids. Hydrogen atoms, non-coordinating solvent molecules and triflate 
counter anions are excluded for clarity. 
 




)](OTf) (two cations in 











 (A)  
MnO1C 2.094(2) O1CMnN2A 169.50(9) 
MnN2A 2.181(2) N4AMnN5A 149.73(9) 
MnN1A 2.265(2) N1AMnN3A 150.76(9) 
MnN3A 2.304(2) N4AMnN2A 89.97(9) 
MnN4A 2.272(3) N1AMnN2A 74.50(9) 








MnO1A 2.116(2) O1AMnN2B 170.36(9) 
MnN2B 2.173(3) N4BMnN5B 149.05(10) 
MnN1B 2.268(3) N1BMnN3B 150.55(9) 
MnN3B 2.316(3) N4BMnN2B 87.33(9) 
MnN4B 2.275(3) N1BMnN2B 4.59(9) 








 MnO1 1.819(3)  O2MnN2 174.44(12) 
 MnN2 1.980(3)  N4MnN5 155.19(12) 
 MnN1 2.186(3)  N1MnN3 160.79(11) 



































)](OTf) solution slowly changed its color to deep red, as new absorption 








) (Figure 6.10; the 





Formation of these new electronic absorption features is consistent with the oxidation of Mn
II
 




)](OTf), was isolated in an 
essentially quantitative yield of greater than 98%. These electronic absorption spectral signatures 












)](OTf) with O2 are remarkably different, with the latter 





)](OTf), this could be suggestive of the formation of a dimeric or 












)](OTf) (solid green trace) upon 
addition of excess O2 in MeCN at 25 
ο
C under argon. Inset: time evolution of the absorption 
features at 515 nm and 770 nm. 
 
6.3.9. Properties of [Mn
III





)](OTf) contains a six-coordinate Mn
III
 center with a distorted octahedral geometry 
(Figure 6.11). Coordination of the dpaq
2-Me









)](OTf) by 0.079 to 0.201 




)](OTf) is axial to the amide nitrogen, 







 reveals that the hydrogen atom of the hydroxo ligand is involved in a hydrogen-bonding 






 molecule (O•••O and 
H•••O separations of 2.787 and 1.982 Å, respectively). Such intermolecular H-bonding is not at 
all unusual for Mn
III
-OH adducts, since five of the nine known X-ray structures show second-
sphere hydrogen-bonding interactions in the solid-state structures.
11,12,35,52,58
 A free triflate ion, 
an acetonitrile molecule, and an ether molecule are also observed within the asymmetric unit, but  
are not associated with the metal center (MnO and MnN distances of ~5.9, ~5.6 and ~7.1 Å 
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for triflate oxygen, ether oxygen, and acetonitrile nitrogen, respectively). There have been 
several X-ray structures of mononuclear Mn
III





 These have revealed MnO(H) distances within 





toward the lower end of this range. The O2MnN2 axis, which includes the hydroxide oxygen 











. ORTEP diagram shows 50% probability thermal ellipsoids. Hydrogen 
atoms, non-coordinating solvent molecules and triflate counter anions are excluded for clarity. 
 
 




)]. When the phenolate-containing 
pentadentate ligand H2dpap
2-t-Bu
 was metalated with Mn
II
(OTf)2, a large quantity of white 
insoluble solid was formed. It should be noted that hydroxyl moieties are known to act as 
excellent bridging ligands,
33,54,62-69
 and thus, this white solid could be a polymerized metal 
adduct via the phenolate functionality of dpap
2-t-Bu
. However, its full characterization is still 




)] is neutral in charge, it makes it challenging to 














 ion (calc. 457.1436; Figure A5.8). Thus, the presence of Mn
III
 is evident, 
although its origin is currently unknown. Due to these complications, we have not been 




)] crystals that are of appropriate quality for X-ray 





)], and the characterization of the insoluble white solid that forms during the metalation 
reaction. The magnetic susceptibility, and electronic absorption and EPR spectroscopies will 






 Dioxygen activation with the aid of a catalytically active metal center is a common 
feature of a number of metalloenzymes in biology,
1-6
 where the involvement of metal-superoxo, -
peroxo and/or -oxo type intermediates are known to significantly lower the activation barrier, 
achieving oxygenated products at a low energy cost. Although this is a seemingly trivial 
chemical process, achieving synthetic examples of efficient dioxygen activating metal centers 
has been a continuing challenge. To this end, dioxygen activation and their applications 
involving environmentally benign, cheaper metals are even more intriguing, when compared to 
the currently used precious metal catalysts with large environmental impacts. Thus, dioxygen 
activation by Mn
II
 centers holds great significance, both in synthetic and alternative energy 
applications warranting enhanced understanding of the mechanistic details. Although several 
Mn
II
 systems with synthetic application have been reported,
13-18
 mechanisms of dioxygen 
activation by a majority of these systems are not fully understood. Biological systems of similar 
reactivity patterns could provide important insights into some such systems, and a detailed 
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understanding of the mechanism will enable the fine-tuning of ligand properties, in order to 
design superior dioxygen activating Mn
II
 systems.  
Herein, we report the dioxygen activation mechanistic studies we have carried out on 
[Mn
II







 We have carried out spectroscopic analysis of accumulating 
intermediates, X-ray absorption studies on low-temperature solution samples, dioxygen 
titrations, and reactivity studies which provide useful insights into the potential mechanism 
involved. The negative results of experiments involving DHA, PPh3, and MeCN-d3 (vide supra) 
are reflective of several important details. Firstly, the absence of anthracene and P(O)Ph3 are 
either suggestive of the absence of a Mn
IV
=O type intermediate, or the very rapid reactivity of 
such an intermediate with the large excess of [Mn
II
(dpaq)](OTf) in solution. Such a rapid 
reactivity of the corresponding Mn
IV
=O is also supported by the observation of 
[Mn
III
(OH)(dpaq)](OTf) as the final product when [Mn
II
(dpaq)](OTf) is treated with PhIO (vide 





oxygenated in MeCN-d3 implies that the hydrogen atom of the Mn
III
-OH adduct is not solvent 
derived. We cannot rule out the possibility that trace amounts of H2O in MeCN could have 




(OD)(dpaq)](OTf) was formed. Therefore, future work will 
involve the oxygenation of [Mn
II
(dpaq)](OTf) in ultra-dry MeCN, which will provide more 
insight into the involvement of H2O in the mechanism. Thirdly, although dioxygen titration 
experiments are complicated by its partitioning between solution and gaseous phases, the overall 
yields of [Mn
III
(OH)(dpaq)](OTf) are suggestive of a Mn:O stoichiometry of 4:1. Furthermore, 
kinetic analysis of the rates of these titration experiments reveals that dioxygen is involved in the 
overall rate-determining step for [Mn
III
(OH)(dpaq)](OTf) formation. In combination, these data 
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are supportive of the dioxygen activation mechanism of [Mn
II
(dpaq)](OTf) involving a mono-
oxo bridged dimanganese(III,III) dimeric species, as seen in the systems of Kovacs and 
coworkers.
36,70
 Evidence for the feasibility of formation of such a dimeric species between two 
[Mn
III
(OH)(dpaq)](OTf) molecules can be seen in X-ray absorption data collected in frozen 
MeCN (vide supra). In addition, the related [Mn
III
(OMe)(dpaq)](OTf) complex shows no 
evidence of dimerization in MeOH under the same conditions. Finally, the ~5 times slower 




)](OTf) compared to [Mn
II
(dpaq)](OTf) is suggestive of the 
involvement of a dimeric intermediate species during O2 activation. Therefore, the proposed 
dioxygen activation mechanism for [Mn
II
(dpaq)](OTf) would involve the initial formation of a 
trans--1,2-peroxo-bridged dimanganese(III,III) species, which undergoes homolytic OO bond 






 (Scheme 6.4). This 
highly unstable intermediate is rapidly trapped by excess [Mn
II
(dpaq)](OTf) in solution giving 
rise to the proposed monooxo-bridged dimanganese(III,III) dimer. Ultimately, this adduct is 
hydrolyzed to form the monomeric Mn
III








 However, further analysis of this system is warranted to test this mechanism. Most 
importantly, manometric measurements of O2 uptake by a given concentration of 
[Mn
II
(dpaq)](OTf) in MeCN will directly reveal the Mn:O stoichiometry. This can be achieved 
by measuring the pressure change in the head-space of the reaction vessel using a manometric 
apparatus, as a known concentration of [Mn
II





O2 would also provide important insights into the 
dioxygen activation mechanism, based on the distribution patterns of the 
18
O label. That is, the 









OH)(dpaq)](OTf) produced. In addition to these proposed experiments, organic substrate 
oxidation by O2 in the presence of [Mn
II
(dpaq)](OTf) could also provide useful insights into the 
mechanistic details of [Mn
II
(dpaq)](OTf)/O2 interactions. Analysis of organic product 
distribution of a given reaction will aid in quantifying the generated metal based oxidizing 
equivalents reflecting the mechanism of dioxygen activation. Furthermore, 
18
O label distribution 
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among organic products of an oxidation reaction would also provide useful mechanistic insights. 
A major challenge involved with utilizing [Mn
II
(dpaq)](OTf) as an aerobic oxidation catalyst is 
the mild oxidation capabilities of [Mn
III
(OH)(dpaq)](OTf). For this reason, target substrates are 
required to consist of a weak CH, OH or NH bonds that are activated during catalysis. Thus, 
those substrates also possess high tendency to get oxidized by O2 even in the absence of the 
metal complex.  
Moreover, geometric and electronic properties of the supporting ligand could also be 
fine-tuned to enhance the oxidizing capabilities of this system, which will improve the substrate 
scope and efficiency related to organic oxidation reactions. Furthermore, systematic ligand 
modifications will also facilitate the generation of related Mn
II
 complexes with varied ligand 
properties, which will offer mechanistic insights into dioxygen activation. Future work will 
involve the generation of a series of such ligands where electronic properties of the dpaq ligand 
platform is varied in terms of quinolone ring substituents.
71,72
 These ligands will enable 
variations in electronic properties related to axial amide ligation, which will directly affect the 




 complexes of these ligand derivatives could 
also aid in stabilizing key intermediates of dioxygen activation, including the proposed high-
valent Mn
IV
=O adduct.  
 In conclusion, we have carried out mechanistic investigations into the dioxygen 
activation reactivity of [Mn
II
(dpaq)](OTf), where a mechanistic proposal is offered based on our 
experimental evidence. However, further studies are warranted in order to a gain better 
understanding of the proposed intermediates. Furthermore, future work will also involve the 
synthesis of a series of dpaq ligand derivatives, which will serve as useful tools for dioxygen 
activation mechanics studies. Enhanced knowledge of dioxygen activation by Mn
II
 centers will 
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facilitate the development of environmentally friendly, less expensive aerobic oxidation 
catalysts, which are of high significance both in understanding biological pathways as well as in 
synthetic catalysis and alternate energy applications.    
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A1.1. Solid-State Single-Crystal X-ray Structure Determinations for [Mn(L
7
iso-




)(OTf)2] (2). Crystals for the acetone solvate of 
[Mn(L
7
iso-q2)(OTf)2] (1) are, at 100(2) K, monoclinic, space group P21/n [an alternate setting of 
P21/c – C2h
5
 (No. 14)] 
[S1] 
with a = 12.2501(3) Å, b = 16.4994(4) Å, c = 18.0034(4) Å, β = 
109.500(1) , V = 3430.1(1) Å
3
 and Z =  4 formula units {dcalcd = 1.537 g/cm
3
; a(CuK) = 5.022 
mm
-1









with a = 14.2345(5) Å, b = 9.0034(3) Å, c = 42.186(1) Å, β = 97.843(1), V = 
5356.0(3) Å
3
 and Z =  8 molecules {dcalcd = 1.747 g/cm
3
; a(CuK) = 8.102 mm
-1
}.   Complete sets 
of unique diffracted intensities [6399 (1) and 4015(2) frames with an - or -scan width of 0.50 
and frame counting times of 1-8 sec] were measured
[S2]
 for specimens of 1 and 2 using 
monochromated CuK radiation (= 1.54178 Å) on a Bruker Single Crystal Diffraction System 
equipped with Helios multilayer x-ray optics, an APEX II CCD detector and a Bruker MicroSTAR 
microfocus rotating anode x-ray source operated at 45kV and 60mA.  Lattice constants were 
determined with the Bruker SAINT software package using peak centers for 9811 (1) and 9786 (2) 
reflections.  Totals of 30270 (1) and 35226 (2)  integrated reflection intensities having 2(CuK)< 
138.63 (1) or 138.59 (2) were produced using the Bruker program SAINT
[S3]
; 6101 (1) and 16487 
(2) of these were unique and gave Rint = 0.085 (1)  and 0.043 (2) with coverages which were 95.1% 
(1) and 96.1% (2) complete. The data were corrected empirically for variable absorption effects 
using equivalent reflections; the relative transmission factors ranged from 0.761 (1) and  0.681 (2) 
to 1.000.  The Bruker software package SHELXTL was used to solve both structures using “direct 
methods” techniques. All stages of weighted full-matrix least-squares refinement were conducted 
using Fo
2 
data with the SHELXTL Version 6.10 software package
[S4]
.  
 The final structural model for 1 incorporated anisotropic thermal parameters for all 
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nonhydrogen atoms and isotropic thermal parameters for all hydrogen atoms.  The two methyl 
groups for the acetone solvent molecule of crystallization were incorporated into the structural 
model as rigid groups (using idealized sp
3
-hybridized geometry  and a C-H bond length of 0.98 Å) 
which were allowed to rotate about their C-C bonds in least-squares refinement cycles.  All 





hybridized geometry and C-H bond lengths of 0.95 – 0.99 Å).  All hydrogen atoms were assigned 
isotropic thermal parameters that were fixed at values 1.20 (nonmethyl) times or 1.5 (methyl) times 
the equivalent isotropic thermal parameter of the carbon atom to which they were covalently 





) + (0.0764 P)
2




] / 3.  Final agreement factors at 
convergence were:  R1(unweighted, based on F) = 0.059 for 6038 independent absorption-corrected 
“observed” reflections having 2(CuK)<  136.63 and I>2(I);  R1(unweighted, based on F) = 
0.059 and wR2(weighted, based on F
2
) = 0.152 for all 6101 independent absorption-corrected 
reflections having 2(CuK)< 136.63.  The largest shift/s.u. was 0.000 in the final refinement 




, respectively.   
 The structure of 2 was initially solved and refined in the centrosymmetric monoclinic space 
group P21/c – C2h
5
 (No. 14) with two crystallographically-independent molecules in the asymmetric 
unit.  These two independent molecules were related by non-crystallographic symmetry and their 
nonhydrogen atoms were modeled with anisotropic thermal parameters and their idealized 
hydrogen atoms were modeled with isotropic thermal parameters.  This structural model converged 
to :  R1(unweighted, based on F) = 0.111 for 9300 independent absorption-corrected “observed” 
reflections having 2(CuK)<  138.59 and I>2(I) in space group P21/c.   
 An examination of the intensity statistics for reflections of 2 that were supposed to be 
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systematically absent in space group P21/c revealed that all screw axis extinctions were indeed 
missing and had I<3(I).  However, 9.1% of the glide extinctions had weak intensities with 
I>3(I).  The structure was therefore solved and refined again in the noncentrosymmetric space 
groups Pc and P21 which are both maximal non-isomorphic subgroups of the original 
centrosymmetric space group P21/c. The asymmetric unit with both of these space groups contained 
4 crystallographically-independent molecules.   
 The structure solution and refinement of 2 as a racemic twin with anisotropic nonhydrogen 
atoms and isotropic hydrogen atoms in space group Pc-Cs
2
 (No. 7) converged to: R1(unweighted, 
based on F) = 0.093 for the  independent absorption-corrected “observed” reflections having 
2(CuK)<  138.59 and I>2(I).  Sixteen nonhydrogen atoms had non-positive-definite 
anisotropic thermal parameters at convergence. 
 The structure solution and refinement of 2 as a 51/49 racemic twin with anisotropic 
nonhydrogen atoms and isotropic hydrogen atoms in space group P21 converged to:  
R1(unweighted, based on F) = 0.088 for the “observed” reflections having 2(CuK)< 138.59 and 
I>2(I);  Six nonhydrogen atoms initially had non-positive-definite anisotropic thermal parameters.  
Mild restraints were applied to the anisotropic thermal parameters of these six nonhydrogen atoms 
and seven others that had positive-definite, but somewhat unreasonable, thermal parameters.   
 Although crystals of 2 clearly mimic (at least) the centrosymmetric space group P21/c, the 
more consistent intensity statistics for systematic absences, slightly lower R1 value and smaller 
number of non-positive-definite nonhydrogen atoms at initial convergence were used as criteria for 
choosing P21 – C2
2
 (No. 4) as the final space group for describing the crystal structure of 2   All 





hybridized geometry with C-H bond lengths of 0.95 – 0.99 Å) and with isotropic thermal 
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parameters that were fixed at values 1.20 times the equivalent isotropic thermal parameter of the 
carbon atom to which they were covalently bonded.  A total of 1442 parameters were refined using 




) + (0.0993 P)
2





] / 3.  Final agreement factors at convergence in space group P21 were:  R1(unweighted, 
based on F) = 0.088 for 15217 independent absorption-corrected “observed” reflections having 
2(CuK)<  138.59 and I>2(I);  R1(unweighted, based on F) = 0.093 and wR2(weighted, based 
on F
2
) = 0.220 for all 16487 independent absorption-corrected reflections having 2(CuK)< 
138.59.  The largest shift/s.u. was 0.001 in the final refinement cycle.  The final difference map 




, respectively.   
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Identification code  q07b 
Empirical formula  C30H32F6MnN4O7S2 
Formula weight  793.66 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 12.2501(3) Å = 90°. 
 b = 16.4994(4) Å = 109.5000(10)°. 
 c = 18.0034(4) Å  = 90°. 
Volume 3430.12(14) Å3 
Z 4 
Density (calculated) 1.537 Mg/m3 
Absorption coefficient 5.022 mm-1 
F(000) 1628 
Crystal size 0.33 x 0.18 x 0.15 mm3 
Theta range for data collection 3.84 to 69.32°. 
Index ranges -14<=h<=14, -17<=k<=20, -21<=l<=21 
Reflections collected 30270 
Independent reflections 6101 [R(int) = 0.0851] 
Completeness to theta = 69.32° 95.1 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.761 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6101 / 0 / 453 
Goodness-of-fit on F2 1.050 
Final R indices [I>2sigma(I)] R1 = 0.0585, wR2 = 0.1521 
R indices (all data) R1 = 0.0589, wR2 = 0.1523 




Table A1.2. Atomic coordinates  ( 10
4




) for [Mn(C25H26N4)(O3SCF3)2] ([Mn(L
7
iso-q2)(OTf)2] CH3COCH3).  U(eq) is defined as one 
third of  the trace of the orthogonalized Uij tensor. 
____________________________________________________________________________________________________  
 x y z U(eq) 
____________________________________________________________________________________________________   
Mn 827(1) 2454(1) 2640(1) 16(1) 
N(1) 165(2) 3657(2) 2116(2) 21(1) 
N(2) 1587(2) 2648(2) 1658(1) 14(1) 
N(3) 1019(2) 1239(2) 2132(1) 15(1) 
N(4) 1028(2) 1544(2) 3605(2) 18(1) 
C(1) -643(3) 4088(2) 2325(2) 26(1) 
C(2) -946(3) 4860(2) 2086(2) 24(1) 
C(3) -413(3) 5252(2) 1592(2) 20(1) 
C(4) 413(2) 4808(2) 1361(2) 16(1) 
C(5) 666(2) 3998(2) 1646(2) 16(1) 
C(6) 1590(3) 3515(2) 1463(2) 18(1) 
C(7) 2794(3) 2346(2) 1814(2) 22(1) 
C(8) 2868(3) 1432(2) 1822(2) 23(1) 
C(9) 2273(3) 1033(2) 2334(2) 20(1) 
C(11) 1379(3) 1723(2) 4392(2) 23(1) 
C(12) 1562(3) 1147(2) 4962(2) 24(1) 
C(13) 1335(3) 327(2) 4742(2) 21(1) 
C(14) 932(3) 134(2) 3924(2) 19(1) 
C(15) 827(3) 777(2) 3380(2) 18(1) 
C(16) 469(3) 633(2) 2493(2) 20(1) 
C(17) 446(3) 1351(2) 1275(2) 22(1) 
C(18) 741(3) 2202(2) 998(2) 19(1) 
C(21) -669(3) 6063(2) 1335(2) 25(1) 
C(22) -116(3) 6420(2) 873(2) 26(1) 
C(23) 709(3) 5979(2) 644(2) 24(1) 
C(24) 961(3) 5192(2) 872(2) 18(1) 
C(25) 1490(3) -303(2) 5303(2) 28(1) 
C(26) 1245(3) -1085(2) 5063(2) 32(1) 
C(27) 815(3) -1273(2) 4260(2) 29(1) 
C(28) 662(3) -687(2) 3695(2) 24(1) 
S(1) 3160(1) 3601(1) 3846(1) 25(1) 
F(11) 3278(3) 4880(1) 4715(2) 51(1) 
F(21) 2266(3) 3923(2) 4942(2) 59(1) 
F(31) 1593(2) 4659(2) 3882(2) 60(1) 
O(11) 2247(3) 3021(2) 3533(2) 41(1) 
O(21) 3392(3) 4081(2) 3254(2) 40(1) 
O(31) 4154(3) 3287(2) 4443(2) 52(1) 
C(1A) 2540(4) 4300(2) 4375(2) 35(1) 
S(2) -1905(1) 1973(1) 2617(1) 29(1) 
F(12) -4147(2) 2135(3) 2107(3) 104(2) 
F(22) -3203(2) 3149(2) 1838(2) 62(1) 
F(32) -3416(3) 2056(3) 1183(2) 79(1) 
O(12) -1064(2) 2188(2) 2244(1) 25(1) 
O(22) -2044(3) 1134(2) 2705(2) 59(1) 
O(32) -1791(4) 2446(2) 3313(2) 60(1) 
C(2A) -3228(4) 2336(4) 1906(3) 53(1) 
O(1S) -2399(4) 3023(2) 4922(2) 66(1) 
C(1S) -3269(5) 3867(4) 3830(3) 61(1) 
C(2S) -2274(4) 3546(3) 4487(2) 45(1) 










Identification code  q64a 
Empirical formula  C19H20Cl2F6MnN4O6S2 
Formula weight  704.35 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1) 
Unit cell dimensions a = 14.2345(5) Å = 90°. 
 b = 9.0034(3) Å = 97.8430(10)°. 
 c = 42.1864(14) Å  = 90°. 
Volume 5356.0(3) Å3 
Z 8 
Density (calculated) 1.747 Mg/m3 
Absorption coefficient 8.102 mm-1 
F(000) 2840 
Crystal size 0.14 x 0.13 x 0.04 mm3 
Theta range for data collection 1.06 to 69.29°. 
Index ranges -17<=h<=16, -10<=k<=10, -50<=l<=43 
Reflections collected 35226 
Independent reflections 16487 [R(int) = 0.0430] 
Completeness to theta = 69.29° 96.1 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.681 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 16487 / 79 / 1442 
Goodness-of-fit on F2 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0884, wR2 = 0.2158 
R indices (all data) R1 = 0.0931, wR2 = 0.2199 
Absolute structure parameter 0.0(4) 




Table A1.4.  Atomic coordinates  ( 10
4








)(OTf)2]). U(eq) is defined as one third of  the 
trace of the orthogonalized Uij tensor. 
________________________________________________________________________________  
 x y z U(eq) 
________________________________________________________________________________   
Mn(1) 7919(1) 3306(2) 3796(1) 15(1) 
Cl(1A) 5157(2) 7173(4) 2658(1) 41(1) 
Cl(2A) 8554(2) -1680(3) 5010(1) 30(1) 
N(1A) 6942(5) 4546(10) 3420(2) 18(2) 
N(2A) 8859(5) 5007(11) 3580(2) 23(2) 
N(3A) 9121(6) 3959(10) 4169(2) 23(2) 
N(4A) 8187(5) 1473(10) 4175(2) 21(2) 
C(1A) 5987(6) 4317(13) 3367(2) 27(2) 
C(2A) 5398(6) 5180(11) 3141(2) 19(2) 
C(3A) 5832(7) 6170(13) 2949(2) 27(2) 
C(4A) 6776(8) 6361(13) 2997(2) 34(3) 
C(5A) 7355(7) 5514(11) 3227(2) 20(2) 
C(6A) 8411(6) 5537(10) 3266(2) 16(2) 
C(7A) 9847(6) 4526(15) 3556(3) 35(3) 
C(8A) 10115(6) 3187(12) 3775(2) 27(2) 
C(9A) 10065(6) 3360(12) 4117(2) 24(2) 
C(11A) 7833(6) 73(13) 4151(2) 22(2) 
C(12A) 7937(6) -918(11) 4396(2) 23(2) 
C(13A) 8398(6) -505(13) 4681(2) 22(2) 
C(14A) 8745(6) 979(12) 4728(2) 22(2) 
C(15A) 8600(5) 1909(10) 4468(2) 13(2) 
C(16A) 8934(6) 3541(13) 4488(2) 22(2) 
C(17A) 9199(7) 5662(12) 4161(2) 26(2) 
C(18A) 8791(7) 6203(13) 3816(2) 29(2) 
S(1A) 7960(2) 762(3) 3226(1) 29(1) 
F(11A) 7176(5) 244(9) 2645(1) 44(2) 
F(12A) 6883(5) 2411(9) 2815(1) 43(2) 
F(13A) 6203(5) 492(11) 2983(2) 53(2) 
O(11A) 7569(4) 1432(8) 3486(2) 24(1) 
O(12A) 8109(5) -836(9) 3266(2) 28(2) 
O(13A) 8753(4) 1582(9) 3126(1) 30(2) 
C(20A) 7011(7) 981(13) 2900(2) 30(2) 
S(2A) 6170(2) 5042(3) 4166(1) 18(1) 
F(21A) 5596(5) 6015(9) 4692(2) 44(2) 
F(22A) 7078(4) 5460(9) 4740(1) 40(2) 
F(23A) 6043(6) 3707(11) 4707(2) 62(3) 
O(21A) 6883(4) 3893(9) 4118(2) 26(2) 
O(22A) 5200(5) 4639(9) 4065(2) 26(2) 
O(23A) 6432(4) 6541(8) 4091(2) 23(1) 
C(21A) 6258(7) 5094(13) 4608(3) 29(2) 
Mn(2) 2910(1) 750(2) 3712(1) 20(1) 
Cl(1B) 28(2) -3382(5) 2662(1) 49(1) 
Cl(2B) 3542(2) 5752(4) 4926(1) 35(1) 
N(1B) 1910(6) -408(10) 3347(2) 25(2) 
N(2B) 3827(5) -1025(10) 3501(2) 23(2) 
N(3B) 4147(5) -14(10) 4101(2) 21(2) 
N(4B) 3120(5) 2605(9) 4089(2) 17(2) 
C(1B) 959(8) -290(14) 3290(3) 35(3) 
C(2B) 356(6) -1059(13) 3083(2) 25(2) 
C(3B) 767(7) -2171(13) 2920(2) 27(2) 
C(4B) 1736(7) -2397(14) 2968(2) 27(2) 
C(5B) 2248(7) -1542(15) 3167(2) 29(2) 
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C(6B) 3327(6) -1600(14) 3189(2) 27(2) 
C(7B) 4784(7) -432(12) 3451(2) 31(2) 
C(8B) 5443(6) -236(11) 3738(2) 22(2) 
C(9B) 5038(7) 686(13) 4009(2) 28(2) 
C(11B) 2757(7) 4010(12) 4066(3) 25(2) 
C(12B) 2865(6) 4997(13) 4328(2) 25(2) 
C(13B) 3373(6) 4551(14) 4599(2) 28(2) 
C(14B) 3774(6) 3134(15) 4636(2) 30(2) 
C(15B) 3594(6) 2182(14) 4375(3) 29(2) 
C(16B) 3952(7) 624(12) 4399(2) 22(2) 
C(17B) 4128(8) -1698(14) 4076(3) 34(2) 
C(18B) 3908(7) -2223(12) 3742(2) 22(2) 
S(1B) 2720(2) 3416(3) 3218(1) 27(1) 
F(11B) 1991(6) 3781(9) 2621(1) 48(2) 
F(12B) 2249(6) 1499(10) 2752(2) 56(2) 
F(13B) 3424(6) 3073(15) 2689(2) 85(4) 
O(11B) 3401(5) 2302(8) 3369(1) 25(1) 
O(12B) 3086(5) 4845(9) 3222(2) 32(2) 
O(13B) 1780(5) 3229(9) 3307(2) 33(2) 
C(20B) 2615(7) 2956(10) 2795(2) 22(2) 
S(2B) 1146(2) -986(3) 4099(1) 21(1) 
F(21B) 552(4) -1789(8) 4631(1) 32(1) 
F(22B) 2077(4) -1516(9) 4670(1) 39(2) 
F(23B) 1143(5) 440(7) 4643(1) 38(2) 
O(21B) 1918(5) 36(9) 4041(2) 28(2) 
O(22B) 203(5) -442(9) 3993(1) 26(2) 
O(23B) 1339(5) -2491(9) 4022(2) 28(2) 
C(21B) 1255(7) -947(13) 4535(2) 25(2) 
Mn(3) -2909(1) -2693(2) 1287(1) 35(1) 
Cl(1C) -18(2) 1385(5) 2344(1) 52(1) 
Cl(2C) -3537(2) -7663(5) 70(1) 60(1) 
N(1C) -1882(6) -1524(14) 1662(2) 36(2) 
N(2C) -3816(6) -939(14) 1505(2) 40(2) 
N(3C) -4109(8) -1982(12) 921(3) 43(3) 
N(4C) -3101(7) -4497(15) 904(2) 48(3) 
C(1C) -935(7) -1719(16) 1703(2) 36(3) 
C(2C) -350(8) -730(20) 1912(3) 53(4) 
C(3C) -731(8) 287(19) 2075(3) 53(4) 
C(4C) -1680(8) 491(16) 2043(3) 39(3) 
C(5C) -2281(7) -529(12) 1825(3) 28(2) 
C(6C) -3339(8) -509(14) 1807(3) 36(3) 
C(7C) -4772(7) -1449(19) 1557(4) 57(4) 
C(8C) -5353(11) -1920(20) 1241(4) 76(5) 
C(9C) -5015(8) -2570(20) 989(4) 64(5) 
C(11C) -2745(8) -5888(16) 922(3) 39(3) 
C(12C) -2837(8) -6891(16) 687(3) 41(3) 
C(13C) -3382(8) -6446(15) 394(3) 39(3) 
C(14C) -3734(8) -5087(18) 367(3) 42(3) 
C(15C) -3617(8) -4133(16) 627(3) 37(3) 
C(16C) -3923(10) -2450(20) 597(3) 64(5) 
C(17C) -4144(8) -356(18) 905(3) 43(3) 
C(18C) -3831(9) 299(17) 1270(3) 51(3) 
S(1C) -2732(2) -5382(4) 1784(1) 39(1) 
F(11C) -1953(7) -5719(14) 2376(2) 86(3) 
F(12C) -2339(6) -3493(10) 2254(2) 52(2) 
F(13C) -3410(6) -5044(11) 2316(2) 64(2) 
O(11C) -3333(8) -4323(15) 1658(3) 79(4) 
O(12C) -3104(7) -6886(11) 1771(2) 51(2) 
O(13C) -1807(9) -5190(20) 1690(3) 109(6) 
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C(20C) -2476(17) -4790(30) 2214(5) 99(7) 
S(2C) -1153(2) -930(4) 902(1) 39(1) 
F(21C) -563(5) -115(15) 359(2) 79(3) 
F(22C) -2053(5) -450(11) 324(2) 53(2) 
F(23C) -1123(7) -2259(12) 354(2) 75(3) 
O(21C) -1881(6) -1901(15) 952(2) 61(3) 
O(22C) -211(5) -1398(14) 994(2) 58(3) 
O(23C) -1331(7) 602(15) 953(2) 61(3) 
C(21C) -1204(10) -972(19) 459(3) 52(4) 
Mn(4) 2081(1) 4789(3) 1209(1) 38(1) 
Cl(1D) 4851(2) 892(5) 2338(1) 51(1) 
Cl(2D) 1445(2) 9781(5) 0(1) 60(1) 
N(1D) 3069(7) 3574(16) 1591(2) 48(3) 
N(2D) 1143(6) 3026(14) 1427(2) 41(3) 
N(3D) 840(6) 3920(12) 813(2) 32(2) 
N(4D) 1839(6) 6579(12) 827(2) 33(2) 
C(1D) 4015(8) 3633(16) 1635(2) 39(3) 
C(2D) 4585(9) 3020(20) 1874(3) 68(5) 
C(3D) 4161(8) 1952(16) 2044(2) 40(3) 
C(4D) 3172(7) 1763(15) 2004(2) 34(3) 
C(5D) 2684(7) 2652(16) 1772(3) 38(3) 
C(6D) 1613(8) 2680(20) 1758(3) 55(4) 
C(7D) 142(8) 3424(18) 1430(3) 46(3) 
C(8D) -192(10) 4730(20) 1230(3) 61(4) 
C(9D) -48(8) 4689(17) 884(3) 49(4) 
C(11D) 2126(8) 7982(16) 861(3) 41(3) 
C(12D) 2077(7) 9063(19) 604(2) 48(4) 
C(13D) 1577(8) 8468(18) 308(3) 44(3) 
C(14D) 1236(8) 7168(18) 284(3) 46(4) 
C(15D) 1359(8) 6146(18) 547(3) 45(3) 
C(16D) 1097(9) 4594(17) 505(3) 45(3) 
C(17D) 855(10) 2329(15) 848(3) 44(3) 
C(18D) 1181(8) 1829(16) 1185(3) 39(3) 
S(1D) 2038(3) 7322(5) 1770(1) 51(1) 
F(11D) 2814(6) 7949(15) 2362(2) 81(4) 
F(12D) 3078(8) 5728(13) 2196(2) 85(4) 
F(13D) 3789(5) 7692(13) 2025(2) 62(3) 
O(11D) 2387(10) 6543(14) 1513(2) 86(4) 
O(12D) 2005(8) 8790(14) 1753(2) 72(4) 
O(13D) 1282(8) 6420(20) 1863(5) 153(8) 
C(20D) 2983(11) 7130(30) 2115(3) 76(6) 
S(2D) 3825(2) 3006(4) 838(1) 41(1) 
F(21D) 4411(5) 2130(15) 314(2) 80(4) 
F(22D) 2912(5) 2538(13) 255(2) 61(2) 
F(23D) 3900(6) 4355(11) 288(2) 58(2) 
O(21D) 3139(6) 4093(12) 888(2) 48(2) 
O(22D) 4771(6) 3503(15) 952(2) 55(3) 
O(23D) 3546(7) 1550(13) 914(2) 62(3) 
C(21D) 3795(9) 3100(20) 405(3) 61(5) 
________________________________________________________________________________   
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)(OTf)2] Molecules Found in the Asymmetric Unit. 
 A B C D Average Standard 
Deviation 
Mn(1)-N(1) 2.256(7) 2.212(9) 2.262(10) 2.269(11) 2.250 0.026 
Mn(1)-N(2) 2.304(8) 2.316(9) 2.307(11) 2.342(11) 2.317 0.017 
Mn(1)-N(3) 2.239(8) 2.339(8) 2.236(10) 2.392(8) 2.302 0.077 
Mn(1)-N(4) 2.292(8) 2.298(9) 2.282(11) 2.273(10) 2.286 0.011 
Mn(1)-O(11) 2.151(7) 2.193(6) 2.286(14) 2.042(11) 2.168 0.101 
Mn(1)-O(21) 2.199(6) 2.207(7) 2.284(9) 2.249(9) 2.235 0.039 
N(1)-Mn(1)-N(4) 150.9(3) 146.7(3) 146.1(4) 149.8(4) 148.4 2.3 
N(2)-Mn(1)-N(3) 71.0(3) 70.0(3) 70.3(4) 69.3(3) 70.2 0.7 












Using the BP86 Functional. 
Atom x y z 
  Mn      1.794354      2.035194      4.038406 
  O       3.116850      2.560432      2.833478 
  O       1.798920      2.880611      2.352309 
  N       0.766041      0.211111      3.077138 
  N      -0.260978      2.185233      4.810929 
  N       1.680337      3.880055      5.396980 
  N       3.220002      1.653641      5.581945 
  C       1.258842     -0.511516      2.008512 
  C       0.383727     -1.297095      1.170976 
  C      -1.008705     -1.287897      1.469356 
  C      -1.474359     -0.549315      2.546306 
  C      -0.546785      0.184973      3.333714 
  C      -0.997569      0.909839      4.583543 
  C      -0.886761      3.302678      4.004620 
  C      -0.460482      4.715213      4.441662 
  C       1.044187      4.972703      4.616471 
  C       3.775316      0.429015      5.910141 
  C       4.969880      0.350070      6.714022 
  C       5.543945      1.567644      7.176601 
  C       4.937925      2.774941      6.866917 
  C       3.771459      2.784864      6.058104 
  C       3.103523      4.099659      5.692595 
  C       0.894451      3.531719      6.607437 
  C      -0.234232      2.519633      6.268400 
  C       2.655198     -0.498405      1.728423 
  C       3.163061     -1.236280      0.664447 
  C       2.303000     -2.011605     -0.163387 
  C       0.936348     -2.040262      0.085004 
  C       3.160806     -0.772903      5.462966 
  C       3.716861     -2.006465      5.786593 
  C       4.904450     -2.088890      6.565412 
  C       5.519054     -0.930060      7.022554 
  H      -1.704667     -1.866540      0.839594 
  H      -2.545189     -0.524188      2.801404 
  H      -2.097242      1.083608      4.567301 
  H      -0.785750      0.241463      5.446342 
  H      -0.645922      3.114000      2.937253 
  H      -1.994299      3.231348      4.117172 
  H      -0.993275      4.978948      5.380672 
  H      -0.845800      5.424583      3.677529 
  H       1.560336      5.022024      3.635748 
  H       1.183461      5.952434      5.137028 
  H       6.458544      1.539026      7.791204 
  H       5.345520      3.728567      7.235499 
  H       3.262373      4.845727      6.508099 
  H       3.585029      4.506064      4.775689 
  H       1.582677      3.066819      7.339899 
  H       0.491341      4.453116      7.084434 
  H      -0.051826      1.572148      6.812040 
  H      -1.232377      2.894875      6.588871 
  H       3.318332      0.115744      2.357002 
  H       4.246030     -1.218264      0.457352 
  H       2.726296     -2.586072     -1.003547 
  H       0.259320     -2.634019     -0.551607 
  H       2.235858     -0.712279      4.867470 
  H       3.229081     -2.930972      5.438192 
  H       5.330471     -3.075341      6.808452 













Using the BP86 Functional 
Atom x y z 
  Mn     -0.161960      2.341567     15.729564 
  O      -0.027933      3.636949     17.066531 
  O      -1.180242      3.830047     16.222084 
  N       0.728029      3.389578     13.989738 
  N      -1.322193      1.459750     14.071871 
  N       1.323574      1.079874     16.529135 
  N      -1.330313      0.575730     16.578420 
  Cl      0.828395      6.552382     10.745826 
  Cl      4.301023     -1.333123     18.928468 
  C       0.894850      0.286381     17.550304 
  C       3.161080     -0.405835     18.004987 
  C       1.516453      4.480536     14.112350 
  C       1.596994      5.479979     13.136858 
  C      -0.037291      4.214931     11.851835 
  C      -0.035529      3.257176     12.876277 
  C       0.796539      5.337281     11.990350 
  C       1.790436     -0.477831     18.308699 
  C      -1.259671     -0.548427     15.611061 
  C      -0.813785      1.963029     12.757470 
  C      -0.599336      0.293388     17.826897 
  C      -2.741798      1.925044     14.306884 
  C      -1.223355     -0.032344     14.144646 
  C      -2.726516      1.049563     16.786745 
  C      -3.466832      1.190535     15.447700 
  C       2.643398      1.130918     16.237454 
  C       3.604538      0.406985     16.947025 
  H       2.104012      4.557644     15.041631 
  H       2.258543      6.347433     13.276338 
  H      -0.673613      4.086481     10.963425 
  H       1.422400     -1.120156     19.122448 
  H      -2.103881     -1.255175     15.777295 
  H      -0.327828     -1.111843     15.812666 
  H      -1.642646      2.065932     12.023144 
  H      -0.114856      1.201437     12.349148 
  H      -0.912825     -0.665674     18.303012 
  H      -0.829226      1.110885     18.546391 
  H      -3.323133      1.755812     13.370099 
  H      -2.704504      3.020912     14.480632 
  H      -0.254415     -0.312105     13.686855 
  H      -2.026086     -0.497417     13.528772 
  H      -3.285468      0.327535     17.430861 
  H      -2.670066      2.020562     17.321424 
  H      -4.416889      1.736120     15.636437 
  H      -3.775919      0.185243     15.090261 
  H       2.935784      1.778840     15.396239 






















  Atom       x     y     z 
  Mn    
  O      
-0.176819     
-0.065904      
 2.372877   
 3.665605    
15.759508 
17.118578   
  O      -1.212792       3.861458    16.303506   
  N       0.671203       3.453057     13.996492   
  N      -1.342217       1.481355     14.074377   
  N       1.343303       1.099168     16.567371   
  N      -1.319719       0.570590     16.579148   
  Cl       0.957994       6.444527      10.626621   
  Cl       4.290103      -1.397785     18.895513   
  C        0.906438       0.279706     17.550237 
  C        3.154809      -0.429533     17.994078 
  C        1.468216       4.528672     14.104832 
  C        1.605134       5.474863     13.093007 
  C        0.012360       4.179622     11.808750 
  C       -0.046136       3.275149     12.872464 
  C        0.853815       5.286713     11.929846 
  C        1.790677      -0.507503     18.286624 
  C       -1.241504      -0.535411     15.596160 
  C       -0.851639       1.996863     12.765789 
  C       -0.588192       0.270837      17.818858 
  C       -2.759164       1.927536      14.328309 
  C       -1.222618      -0.005022     14.138125 
  C       -2.718207       1.020463      16.798050 
  C       -3.468524       1.178319      15.467977 
  C        2.656249       1.158928      16.288621 
  C        3.607517       0.412265      16.975307 
  H        2.012519       4.641133     15.046524 
  H        2.266872       6.333285     13.220318 
  H       -0.585835       4.019709     10.909765 
  H        1.416920      -1.170577     19.068958 
  H       -2.070853      -1.247066     15.756073 
  H       -0.310402      -1.089401     15.779427 
  H       -1.686606       2.128892     12.057383 
  H       -0.183916       1.237778     12.325714 
  H       -0.891106      -0.694222     18.266379 
  H       -0.822263       1.062387     18.552606 
  H       -3.346467       1.762516     13.405372 
  H       -2.735595       3.013066     14.513292 
  H      -0.261046      -0.270079     13.677406 
  H      -2.017383      -0.475263     13.531515 
  H      -3.261155       0.283867     17.423164 
  H      -2.678064       1.973304     17.348454 
  H      -4.409975       1.716738     15.671996 
  H      -3.775826       0.184142     15.104229 
  H       2.957089       1.830646     15.480332 
  H       4.664041       0.488177     16.713276 
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Using the B3LYP Functional 
  Atom     x     y     z 
  Mn     -0.025435     -0.035712       0.350498   
  O       -0.423498     -0.135008       2.356419   
  O       0.653937     -0.322817       3.123754   
  N       -2.080787     -0.813860      -0.199306   
  N       -0.912933      1.660655      -0.906340   
  N       1.386493      1.779880      0.422991   
  N       1.954015      -0.877681      -0.178570   
  C       -2.706362      -1.859072      0.393223 
  C       -4.069876      -2.097690      0.171293 
  C       -4.797482      -1.236104      -0.647561 
  C       -4.143092      -0.156367      -1.244314 
  C       -2.779616      0.015196      -1.007354 
  C       -1.996367      1.091816      -1.729262 
  C       -1.454122      2.630810      0.099436 
  C       -0.384432      3.522472      0.740400 
  C       0.832712      2.810590      1.339761 
  C       -1.912791      -2.746515      1.312649 
  C       2.205318      -2.050339     -0.805574 
  C       3.519771      -2.488385     -1.010251 
  C       4.582826      -1.701617     -0.571655 
  C       4.311308      -0.481984      0.052108 
  C       2.983463      -0.098934      0.235385 
  C       2.641509      1.204354      0.933436 
  C       1.521561      2.292404      -0.961691 
  C       0.168806      2.253568      -1.728928 
  C       1.038562      -2.882152      -1.261828 
  H       -4.549386     -2.955671      0.647540 
  H       -5.864268     -1.404307     -0.821986 
  H       -4.677863      0.541316     -1.893417 
  H       -1.534752      0.625493     -2.615668 
  H       -2.682204      1.877165     -2.099099 
  H       -1.998275      2.053027      0.866943 
  H       -2.193844      3.287884     -0.398434 
  H       -0.051445      4.274405      0.005420 
  H       -0.873762      4.095282      1.546278 
  H       0.570737      2.307575      2.283743 
  H       1.609266      3.567937      1.565755 
  H       -0.886786      -2.900971      0.941199 
  H       -2.395833      -3.730747      1.420419 
  H       -1.835160      -2.288907      2.315331 
  H       3.697378      -3.438574     -1.518515 
  H       5.615164      -2.027129     -0.728415 
  H       5.118328      0.173287      0.387861 
  H        3.487157       1.912552       0.841855 
  H       2.494016      0.996645      2.007515 
  H       2.245280      1.653272     -1.486563 
  H       1.944530      3.313690     -0.950311 
  H      -0.118270      3.259569     -2.082912 
  H       0.282298      1.620647     -2.620493 
  H       0.739077      -3.596685     -0.472531 
  H       1.302860      -3.473971     -2.152974 















Using the B3LYP Functional 
Atom      x      y      z 
Mn  -0.073032      0.050029      0.691644   
O  0.133200      -0.409912      2.509674   
O -0.817994      0.631590      2.322936   
N -1.864437      -1.027821     -0.045134   
N -0.932514      1.525446     -0.764831   
N  1.555870      1.578983      0.208826   
N  1.575041      -1.123290      -0.030817   
C -2.278030      -2.209558      0.451328 
C -3.562891      -2.701256      0.245857 
C -4.460912      -1.920060      -0.491067 
C -4.035440      -0.690795      -0.993816 
C -2.719711      -0.273679      -0.755119 
C -2.205512      1.020187      -1.356512 
C -1.185816      2.777168      0.033347 
C  0.074390      3.575396      0.397614 
C  1.259185      2.804818      0.991772 
C  1.504733      -2.390207      -0.475469 
C  2.638988      -3.140953      -0.773108 
C  3.892509      -2.545867      -0.606293 
C  3.963614      -1.225344      -0.155630 
C  2.783450      -0.536725      0.129491 
C  2.780661      0.890518      0.642170 
C  1.534234      1.836440      -1.249773 
C  0.095398      1.747369      -1.823845 
H -1.545638      -2.770916      1.038934 
H -3.852693      -3.669551      0.659646 
H -5.483851      -2.263505     -0.668492 
H -4.713632      -0.052764     -1.566949 
H -2.053694      0.845027     -2.434978 
H -2.990823      1.790851     -1.286226 
H -1.746959      2.482373      0.933744 
H -1.837850      3.443844     -0.560582 
H  0.412552      4.135814     -0.490024 
H -0.231912      4.343976      1.128704 
H  1.055181      2.496672      2.029541 
H  2.143238      3.473664      0.999402 
H  0.502699     -2.808245     -0.599250 
H  2.533670     -4.166240     -1.133490 
H  4.807109     -3.099993     -0.834401 
H  4.926867     -0.724615     -0.031516 
H  3.697328      1.416754      0.315596 
H  2.784417      0.875797      1.746448 
H 2.155838      1.075861      -1.741854 
H  1.997688      2.813959     -1.471781 
H -0.155320      2.650448     -2.410238 
















Using the B3LYP Functional 
Atom     x     y     z 
  Mn      0.031550      4.716896      4.246492   
  O      -0.928833      4.026118      2.781708   
  O      -0.723479      5.430802      2.677011   
  N       2.121655      4.009735      3.818414   
  N       0.501422      6.672619      5.146401   
  N      -1.346893      4.949037      6.059204   
  N       0.213217      2.875613      5.479247   
  C       2.464494      2.846656       4.354819 
  C       4.295641      4.252157      2.821951 
  C       3.775960      2.293417      4.196630 
  C       3.016032      4.693636      3.042974 
  C       4.177915      1.050289      4.766227 
  C       6.395710      1.312111      3.803361 
  C       4.723167      3.031571      3.412017 
  C       5.459763      0.573678      4.572283 
  C       6.035823      2.517170      3.233512 
  C      -0.465223      8.620574      6.198394 
  C       1.630030      7.392658      4.870436 
  C       0.713144      9.376554      5.889917 
  C       1.773223      8.711101      5.218877 
  C      -1.449151     10.603748      7.211646 
  C      -0.503425      7.247195      5.803338 
  C       0.783150     10.746167      6.262805 
  C      -1.543278      9.270004      6.868022 
  C      -0.278075     11.346454      6.910703 
  C      -1.705379      6.372517      6.101277 
  C      -1.038325      2.047553      5.379701 
  C       0.441023      3.378406      6.863424 
  C       1.360247      2.054817      5.026669 
  C      -2.552846      4.090617      5.905619 
  C      -0.517805      4.545405      7.224669 
  C      -2.238844      2.613576      6.140319 
  H      -2.150272      6.635689      7.077650 
  H      -2.480066      6.552037      5.334693 
  H      -1.264986      1.941252      4.307087 
  H      -0.824725      1.038946      5.779300 
  H       1.482188      3.732546      6.907400 
  H       0.347605      2.546902      7.584948 
  H       0.987398      1.338799      4.273152 
  H       1.741448      1.454438      5.868527 
  H      -2.947140      4.255117      4.889205 
  H       -3.331964      4.406644       6.627724 
  H      -1.164045      4.286886      8.081590 
  H       0.081224      5.412720      7.531317 
  H      -2.114830      2.425708      7.219305 
  H      -3.122680      2.026032      5.838898 
  H       4.976622      4.832131      2.193723 
  H       2.647132      5.614660      2.587171 
  H       3.477357      0.460780      5.360757 
  H       7.406969      0.920123      3.660645 
  H       5.757390     -0.381318      5.013994 
  H       6.751564      3.089466      2.636229 
  H       2.428668      6.857188       4.357931 
  H       2.696729      9.242629       4.976974 
  H      -2.284293     11.093254      7.721052 
  H       1.687907     11.313532      6.025897 
  H      -2.456479      8.722125      7.107388 











Using the B3LYP Functional 
Atom     x     y     z 
  Mn      1.786069      2.057035      4.017534   
  O       3.116123      2.630164      2.809234   
  O       1.821325      2.945057      2.330178   
  N       0.738922      0.247447      3.043561   
  N      -0.301114      2.223591      4.775932   
  N       1.674259      3.872043      5.421472   
  N       3.226211      1.638238      5.592399   
  C       1.246878     -0.508793      2.011683 
  C       0.394657     -1.345960      1.219474 
  C      -0.992503     -1.353339      1.520108 
  C      -1.470370     -0.578493      2.552971 
  C      -0.561294      0.209944      3.302081 
  C      -1.051224      0.971453      4.514019 
  C      -0.890662      3.367023      3.989443 
  C      -0.441693      4.760791      4.457636 
  C       1.061668      4.988607      4.663088 
  C       3.793026      0.418694      5.895050 
  C       4.986853      0.338488      6.682067 
  C       5.547718      1.550503      7.161799 
  C       4.929022      2.748404      6.881872 
  C       3.761134      2.757518      6.082108 
  C       3.089146      4.077561      5.746143 
  C       0.868070      3.505370      6.608398 
  C      -0.274525      2.525139      6.235634 
  C       2.636626     -0.474253      1.723313 
  C       3.154664     -1.243853      0.698511 
  C       2.313832     -2.075342      -0.085064 
  C       0.957987     -2.123720      0.170093 
  C       3.189846     -0.780059      5.436754 
  C       3.760027     -2.004814      5.731560 
  C       4.953357     -2.086631      6.492717 
  C       5.553721     -0.935263      6.961378 
  H      -1.670595     -1.972811      0.925062 
  H      -2.533318     -0.562654      2.805125 
  H      -2.134050      1.171210      4.430739 
  H      -0.916418      0.306044      5.383279 
  H      -0.644651      3.200652      2.928848 
  H      -1.991853      3.321255      4.087041 
  H      -0.980203      5.016551      5.385332 
  H      -0.796234      5.484813      3.704273 
  H       1.587438      5.063416      3.699072 
  H       1.203156      5.943310      5.208919 
  H       6.461210      1.521359      7.762920 
  H       5.325318      3.692772      7.261143 
  H       3.229590      4.790055      6.582046 
  H       3.584810      4.510562      4.860637 
  H       1.530299      3.013084      7.333135 
  H       0.476156      4.413992      7.098157 
  H      -0.112695      1.572104      6.758176 
  H      -1.257244      2.911571      6.559462 
  H       3.286789      0.177305      2.311040 
  H       4.227424     -1.207626       0.485400 
  H       2.745403     -2.672935     -0.893287 
  H       0.297424     -2.757151     -0.430130 
  H       2.263318     -0.727747       4.860628 
  H       3.282800     -2.922389       5.376382 
  H       5.390760     -3.064650      6.711376 













Optimized Using the B3LYP Functional 
Atom     x     y     z 
  Mn     -0.415321      2.854771      1.107033 
  O      -0.783211      4.647694      0.667084 
  O      -0.701313      4.449152      2.074463 
  N      -2.427252      2.039162      0.678454 
  N      -0.134158      1.962495     -0.936974 
  N       1.833131      2.585904      0.768107 
  N       0.247955      1.669914      2.770100 
  C      -3.494165      2.220235      1.478462 
  C      -4.799869      2.010384      1.052526 
  C      -5.036543      1.604094     -0.271944 
  C      -3.914480      1.431106     -1.094994 
  C      -2.630080      1.656046     -0.593619 
  C      -1.419333      1.433729     -1.480610 
  C      -6.428342      1.375434     -0.797550 
  H      -3.283849      2.557482      2.497461 
  H      -5.626732      2.172901      1.748469 
  H      -4.036867      1.122232     -2.137255 
  H      -1.318986      0.349209     -1.654659 
  H      -1.617653      1.876450     -2.469488 
  H      -6.530422      0.352135     -1.201486 
  H      -6.649533      2.073363     -1.625975 
  H      -7.187024      1.517497     -0.011070 
  C       0.384982      3.071781     -1.814690 
  C       1.850710      3.455750     -1.568736 
  C       2.289925      3.685156     -0.118284 
  C    1.253576      0.154444      2.040532      
  C       0.868934      0.867206     -0.787746 
  H       0.299880      2.753123     -2.870314 
  H      -0.283367      3.934899     -1.675381 
  H       2.039635      4.385983     -2.132106 
  H       2.503328      2.697191     -2.031944 
  H       1.877671      4.625939      0.279350 
  H       3.395722      3.758484     -0.092421 
  H       2.097995      0.511601      0.962341 
  H       3.009820      1.223556     -0.373758 
  H       1.244076      0.561486     -1.781195 
  H       0.336791      0.005199     -0.360882 
  C      -0.529223      0.923561      3.576147 
  C      -0.042655      0.295663      4.715711 
  C       1.314336      0.430639      5.056249 
  C       2.113452      1.201492      4.197530 
  C       1.558183      1.810394      3.073177 
  C       2.381607      2.667479      2.130004 
  C       1.880287     -0.217645      6.289726 
  H      -1.578497      0.825358      3.287353 
  H      -0.721299     -0.301670      5.329999 
  H       3.181229      1.325784      4.398212 
  H       2.320671      3.721483      2.454468 
  H       3.447317      2.372262      2.172303 
  H       2.979950     -0.281852      6.245605 
  H       1.467185     -1.230598      6.432438 






Table A1.14. Electronic transition energies (cm
-1
) and bandwidths (fwhm; cm
-1
) from Gaussian 

















Table A1.15. Electronic transition energies (cm
-1
) and bandwidths (fwhm; cm
-1
) from Gaussian 

















Table A1.16. Electronic transition energies (cm
-1
) and bandwidths (fwhm; cm
-1
) from Gaussian 



















Table A1.17. Electronic transition energies (cm
-1
) and bandwidths (fwhm; cm
-1
) from Gaussian 





























































































Table A1.18. Metal-Ligand Bond Lengths (Å) for Peroxomanganese(III) Complexes Based on 





























Mn-O(1)  1.883 1.907 1.887 1.893 1.887 1.908 
Mn-O(2)  1.883 1.886 1.882 1.879 1.885 1.887 
O(1)-O(2)  1.423 1.416 1.424 1.421 1.423 1.416 
Mn-N(1)  2.204 2.175 2.213 2.141 2.217 2.350 
Mn-N(2)  2.289 2.297 2.248 2.286 2.244 2.224 
Mn-N(3)  2.223 2.227 2.290 2.234 2.286 2.308 




Table A1.19. Experimental and TD-DFT Computed Energies (cm
-1
) of the Mn dz
2
  dxy Electronic 





























Experimental  15 500 14 450 16 400 16 630 16 300 13 650 
TD-DFT 
B3LYP 
 18 550 17 622 17 493 
 
17 619 17 636 16 280 
TD-DFT 
PBE0 
 20 681 
 







Figure A1.1. Contour plot of 
2















Figure A1.2. Contour plot of 
2
















Figure A1.3. Plot of the DFT-computed Mn−O(1) distance as a function of the energy of band 1 


































































































Empirical formula  C27H25F6MnN5O6S2 
Formula weight  748.58 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 13.8379(4) Å a= 90°. 
 b = 14.1652(4) Å b= 105.2110(10)°. 
 c = 16.3768(4) Å g = 90°. 
Volume 3097.66(15) Å3 
Z 4 
Density (calculated) 1.605 Mg/m3 
Absorption coefficient 5.509 mm-1 
F(000) 1524 
Crystal size 0.24 x 0.18 x 0.10 mm3 
Theta range for data collection 3.73 to 69.49°. 
Index ranges -15<=h<=16, -17<=k<=17, -13<=l<=19 
Reflections collected 26589 
Independent reflections 5484 [R(int) = 0.0310] 
Completeness to theta = 66.00° 97.0 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000  and  0.787 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5484 / 0 / 525 
Goodness-of-fit on F2 1.039 
Final R indices [I>2sigma(I)] R1 = 0.0293, wR2 = 0.0748 
R indices (all data) R1 = 0.0295, wR2 = 0.0750 
Extinction coefficient 0.00022(5) 








H NMR spectrum of the L
7





































































Figure A2.7. Changes in electronic absorption occurred after the addition of 1 equiv. of HClO4 





































Empirical formula  C72H57F9Mn3N15O12S3 
Formula weight  1756.33 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  Cc 
Unit cell dimensions a = 28.6094(9) Å α = 90°. 
 b = 9.2197(3) Å β = 100.5500(10)°. 
 c = 28.5260(9) Å γ = 90°. 
Volume 7397.1(4) Å3 
Z 4 
Density (calculated) 1.577 Mg/m3 
Absorption coefficient 5.729 mm-1 
F(000) 3576 
Crystal size 0.15 x 0.10 x 0.10 mm3 
Theta range for data collection 3.14 to 69.79°. 
Index ranges -34<=h<=34, -11<=k<=8, -34<=l<=31 
Reflections collected 30828 
Independent reflections 9683 [R(int) = 0.0370] 
Completeness to theta = 66.00° 99.2 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.836 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9683 / 2 / 1028 
Goodness-of-fit on F2 1.018 
Final R indices [I>2sigma(I)] R1 = 0.0370, wR2 = 0.0958 
R indices (all data) R1 = 0.0372, wR2 = 0.0960 
Absolute structure parameter 0.022(3) 
Extinction coefficient 0.000086(15) 
Largest diff. peak and hole 1.303 and -0.520 e.Å-3 
 
 
R1 =  ||Fo| - |Fc|| /  |Fo|  




















Empirical formula  C26H24F3MnN6O5S 
Formula weight  644.51 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 9.2406(3) Å α = 90°. 
 b = 24.7263(8) Å β = 97.2570(10)°. 
 c = 12.2658(4) Å γ = 90°. 
Volume 2780.11(16) Å3 
Z 4 
Density (calculated) 1.540 Mg/m3 
Absorption coefficient 5.176 mm-1 
F(000) 1320 
Crystal size 0.27 x 0.10 x 0.03 mm3 
Theta range for data collection 3.57 to 69.82°. 
Index ranges -10<=h<=10, -29<=k<=30, -10<=l<=14 
Reflections collected 25663 
Independent reflections 5017 [R(int) = 0.0388] 
Completeness to theta = 66.00° 98.4 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.689 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5017 / 19 / 509 
Goodness-of-fit on F2 1.035 
Final R indices [I>2sigma(I)] R1 = 0.0311, wR2 = 0.0782 
R indices (all data) R1 = 0.0314, wR2 = 0.0785 
Extinction coefficient 0.00037(7) 
Largest diff. peak and hole 0.491 and -0.583 e.Å-3 
 
 
R1 =  ||Fo| - |Fc|| /  |Fo|  






























MnO1A 2.075(2) O1AMnN2A 168.99(10) 
MnN2A 2.177(3) N4AMnN5A 147.70(11) 
MnN1A 2.247(3) N1AMnN3A 149.36(10) 
MnN3A 2.329(3) N4AMnN2A 88.95(10) 
MnN4A 2.325(3) N1AMnN2A 74.42(10) 






MnO1C 2.084(2) O1CMnN2C 168.01(10) 
MnN2C 2.174(3) N4CMnN5C 148.46(11) 
MnN1C 2.221(3) N1CMnN3C 151.53(10) 















Table A3.4. Yields of 
4-t-butyl





























1.25 12.5 0.38 0.95 76% 
1.25 25.0 0.39 0.98 80% 
1.25 37.5 0.38 0.95 76% 
1.25 50.0 0.37 0.93 74% 
1.25 65.5 0.38 0.95 76% 
1.25 93.8 0.38 0.95 76% 
1.25 125 0.39 0.98 80% 
1.25 156 0.37 0.93 74% 
0.63 156 0.18 0.45 72% 
a
 Initial concentration at t = 0 s. 
b
 Final concentration of phenoxyl radical determined using the 
extinction coefficient of 
4-t-butyl




Percent conversion of phenoxyl radical 

























































 in MeCN.  The intense features centered at g = 2.04 has been previously 
observed for TEMPO radical.
2
















ArOH (green) in MeCN. Inset: Full EPR spectrum of the final 
reaction mixture showing the intense signal resulting from the 
4-t-butyl
ArO· centered at g = 2.04.
3
 




































 under an argon atmosphere in 
acetonitrile (12.89 mg in 10 ml) at 298 K (Scan rate = 100 mV s
-1
; starting potential = 1.13 V). 
Glassy carbon working electrode, a platinum auxiliary electrode, and a AgCl/Ag reference 









 couple. The three oxidation events observed between Ep,a = +0.5 and -0.4 V could 
correspond to oxidation of the 8-aminoquinolinyl moiety of the supporting ligand, as previously 
observed for ruthenium(II) complexes supported by 8-aminoquinoline.
4
 In that study, the 8-
aminoquinoline ligands exhibited three oxidation waves between Ep,a = +0.5 and -0.3 V vs 
Fc
+
/Fc (reported Ep,a values between +0.1 and +0.9 V vs AgCl/Ag). In the present system, the 

















 upon the addition of 
250 equiv. xanthene at 50 ºC in MeCN under argon.  Inset: Time evolution of absorption signals 
at 550 and 780 nm. The pseudo-first order rate constant for this reaction was determined using 



































Figure A3.5. Observed pseudo-first order rate constants (kobs) as a function of phenol 


































 in MeCN at 50 ºC 
before (solid red trace) and spectra collected immediately following the addition of 0.5 M tri-

















 in MeCN at 25 
ºC. At each data point, the concentration of TEMPO was calculated using the extinction 
coefficient at 464 nm in acetonitrile.
5
 B) Changes observed in electronic absorption spectrum as 
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Empirical formula  C50H46F6Mn2N10O10.73S2 
Formula weight  1246.73 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  Pna2(1) 
Unit cell dimensions a = 13.6388(4) Å a= 90°. 
 b = 26.1547(7) Å b= 90°. 
 c = 15.1412(4) Å g = 90°. 
Volume 5401.1(3) Å3 
Z 4 
Density (calculated) 1.533 Mg/m3 
Absorption coefficient 5.306 mm-1 
F(000) 2552 
Crystal size 0.20 x 0.09 x 0.06 mm3 
Theta range for data collection 3.37 to 70.01°. 
Index ranges -16<=h<=16, -30<=k<=29, -15<=l<=17 
Reflections collected 50470 
Independent reflections 8511 [R(int) = 0.0247] 
Completeness to theta = 66.00° 97.7 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.715 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 8511 / 211 / 826 
Goodness-of-fit on F2 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0748, wR2 = 0.2117 
R indices (all data) R1 = 0.0757, wR2 = 0.2131 
Absolute structure parameter 0(3) 




R1 =  ||Fo| - |Fc|| /  |Fo|  








































































































































 in acetonitrile (12.89 mg in 10 ml) 
at 298 K (Scan rate = 100 mV s
-1
; starting potential = 1.13 V) under an argon atmosphere. The 
electrochemical cell consisted of a glassy carbon working electrode, a platinum auxiliary 
electrode, and a AgCl/Ag reference electrode along with a 0.1 M acetonitrile solution of 
Bu4N(PF6) as the supporting electrolyte.  
 
 




 couple which 








 The multiple oxidation 
events between Epa = +0.5 and -0.4 V are possibly due to the redox activity of the 8-
aminoquinolinyl moiety of the supporting ligand, as previously observed for ruthenium(II) 










MnO2 1.814(5) O2MnN2 178.0(3) 
MnN2 1.982(6) N4MnN5 153.8(2) 
MnN1 2.086(11) N1MnN3 156.5(4) 
MnN3 2.169(6) N4MnN2 86.8(2) 
MnN4 2.154(7) N1MnN2 74.5(2) 
























 in MeCN.  The intense features centered at g = 2.04 has been 




 Parallel-mode EPR 








































1.25 12.5 0.36 0.90 72% 
1.25 62.5 0.38 0.95 76% 
1.25 93.8 0.36 0.90 72% 
1.25 125 0.38 0.95 76% 
1.25 156 0.39 0.98 79% 
a
 Initial concentration at t = 0 s. 
b
 Final concentration of phenoxyl radical determined using the 
extinction coefficient of 
4-t-butyl




Percent conversion of phenoxyl radical 




































Figure A4.4. Observed pseudo-first order rate constants (kobs) as a function of substrate 






 in MeCN and in MeOH 






































Figure A4.5. Observed pseudo-first order rate constants (kobs) as a function of phenol 













































 upon the addition of 250 equiv. xanthene at 50 ºC under argon.  Inset: Time 
evolution of the absorption signal at 550 nm. The pseudo-first order rate constant for this 
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Empirical formula  C27H25F3MnN6O4S 
Formula weight  641.53 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Triclinic 
Space group  P -1 
Unit cell dimensions a = 11.9552(16) Å a= 107.482(4)°. 
 b = 14.164(2) Å b= 90.366(4)°. 
 c = 18.528(3) Å g = 109.556(4)°. 
Volume 2799.9(7) Å3 
Z 4 
Density (calculated) 1.522 Mg/m3 
Absorption coefficient 5.109 mm-1 
F(000) 1316 
Crystal size 0.270 x 0.210 x 0.065 mm3 
Theta range for data collection 2.518 to 67.864°. 
Index ranges -9<=h<=14, -16<=k<=16, -21<=l<=21 
Reflections collected 24462 
Independent reflections 9690 [R(int) = 0.0361] 
Completeness to theta = 66.000° 97.3 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.665 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 9690 / 114 / 902 
Goodness-of-fit on F2 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0523, wR2 = 0.1480 
R indices (all data) R1 = 0.0543, wR2 = 0.1498 
Extinction coefficient n/a 
Largest diff. peak and hole           1.014 and -0.430 e.Å-3 
265 
 





Empirical formula  C31H36F3MnN6O6S 
Formula weight  732.66 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21/c 
Unit cell dimensions a = 8.4929(5) Å a= 90°. 
 b = 14.2757(8) Å b= 96.229(3)°. 
 c = 27.9728(16) Å g = 90°. 
Volume 3371.5(3) Å3 
Z 4 
Density (calculated) 1.443 Mg/m3 
Absorption coefficient 4.359 mm-1 
F(000) 1520 
Crystal size 0.350 x 0.330 x 0.050 mm3 
Theta range for data collection 3.178 to 67.952°. 
Index ranges -9<=h<=10, -10<=k<=17, -28<=l<=33 
Reflections collected 17082 
Independent reflections 5876 [R(int) = 0.0438] 
Completeness to theta = 66.000° 98.0 %  
Absorption correction Multi-scan 
Max. and min. transmission 1.000 and 0.645 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 5876 / 0 / 581 
Goodness-of-fit on F2 1.043 
Final R indices [I>2sigma(I)] R1 = 0.0615, wR2 = 0.1692 
R indices (all data) R1 = 0.0678, wR2 = 0.1741 
Extinction coefficient n/a 






H NMR spectrum of Hdpaq
2-Me 














H NMR spectrum of H2dpap
2-t-Bu 










































Figure A5.7. ESI-MS spectrum of the final solution resulted from the reaction between 
[Mn
II






Figure A5.8. ESI-MS spectrum of the final solid resulted from the metalation of H2dpap
2-t-Bu
.  
 
